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Composition dependence of the anomalous Hall effect in Ca,Sr;_,RuQO; films
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A series of 12 epitaxial films was grown across the entire range of the solid solution Ca,Sr;_,RuOj; in order
to systematically examine the behavior of the anomalous Hall effect in this system. While all samples in this
series are known from bulk studies to behave as Curie-Weiss paramagnets at high temperatures, samples with
less than 70% Ca also order ferromagnetically with a maximal Curie temperature (7) of ~160 K for pure
SrRuO;. Temperature (7) and magnetic field (H) dependent transport measurements were used in tandem with
mean field simulations of sample magnetization (M) to track the composition and temperature dependence of
the ordinary (R,) and anomalous (R;) parts of the Hall resistivity (pj) in this system using the standard relation
pu=R,B+RAmTM. In the high-temperature Curie-Weiss paramagnetic regime, the only temperature depen-
dence of the Hall resistivity comes from the anomalous portion, allowing the ordinary and anomalous contri-
butions to py to be estimated via Curie-Weiss type fits. R; was observed to be positive and nearly 7 indepen-
dent at high temperatures (>200 K) and smoothly increased with increasing Ca content in this regime. In all
ferromagnetic samples, R, decreased significantly on cooling below 7 in response to magnetic ordering,
actually changing sign for samples with <20% Ca. This behavior is consistent with a two-component behavior
of Ry, with the two different regimes (above T and below T) resulting from substantial changes in the band
structure of this itinerant ferromagnet on crossing 7c. The symmetric behavior of the anomalous Hall effect
around the ferromagnetic — paramagnetic quantum phase transition is perhaps an indicator of hidden magnetic

order in CaRuOs;.
DOI: 10.1103/PhysRevB.76.054404

I. INTRODUCTION

Although the Hall coefficient is generally considered a
measure of carrier concentration, it has been known since the
early experiments of Hall more than a century ago' that there
can be a second “anomalous” component of the Hall re-
sponse which is related to sample magnetization. The Hall
resistivity in such samples is described by the formula py
=R, B+RA41mM, where the coefficient of “ordinary” contribu-
tion (R,) is related to the carrier concentration via the rela-
tion R,=—1/ne. There is no such expression for the coeffi-
cient describing the anomalous contribution (R,), and a
definitive understanding of this coefficient has eluded physi-
cists for the last 100 years. R, is often described as poten-
tially having an extrinsic and an intrinsic component, which,
respectively, have a linear and quadratic dependence on the
sample resistivity (p,,). The total Hall resistivity can there-
fore be described as pH=ROB+(apxx+bp)2m)47TM . The com-
bined quantity 47Mb is also sometimes referred to as 0";5"5,
as it has units of Q! cm™ and corresponds to the intrinsic
Hall conductivity of the material.” If p,, has an appreciable
temperature dependence, the extrinsic and intrinsic contribu-
tions can often be determined.’
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In most magnetic systems, it is impossible to accurately
measure the ordinary Hall effect (OHE) without first separat-
ing out the anomalous Hall effect (AHE). In the absence of a
good measure of the AHE in magnetic systems, large errors
in determining the carrier concentration and even in assign-
ing the sign of the carriers are possible. This is certainly the
case for SrRuO;, whose primary carriers have previously
been identified as electrons,* holes,? or changing as a func-
tion of temperature.®’

Recent work ascribing the origin of the anomalous Hall
effect to Berry’s phase effects within the band structure of
compounds has shown great promise in quantitatively de-
scribing the behavior of a handful of ferromagnetically or-
dered (FM) systems, with calculations of afc‘;’E closely
matching experimental results.>® However, the ‘anomalous
Hall effect is potentially present in all systems with a local
magnetic moment and not just in ferromagnets. This work
explores the anomalous Hall effect both inside and outside of
the FM regime. By continuously doping the Ca,Sr,_,RuO;
system from ferromagnetic SrRuO; to paramagnetic
CaRuO3, the response of R, to a changing Fermi surface can
be investigated as the quantum phase transition at 70% Ca is
crossed.!” The Ca,Sr,_,RuOj; system is of particular interest
since the two end members, STRuO; and CaRuOs;, are known
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to have an unusual temperature-induced sign change in their
Hall resistivity.® Data obtained from tunable magnetic sys-
tems will be crucial in evaluating the ability of theoretical
models to describe real materials and will answer some open
questions on the sensitivity of the anomalous Hall effect to
small Fermi surface changes.

II. EXPERIMENT

Thin films samples of the Ca,Sr;_ ,RuO; series were pre-
pared using a custom-built multitarget pulsed laser deposi-
tion system.!! Desired Ca,Sr,_,RuQ; stoichiometries were
prepared by varying the ratio of pulses on commercially ob-
tained (Praxair) CaRuO; and SrRuOj; targets. Films were
grown with a KrF excimer laser (248 nm), which had an
energy density of 3.87 J/cm?. The lanthanum aluminum ox-
ide substrate temperature was maintained at 675 °C under an
oxygen pressure of 80 mTorr. Compositions were verified
using elemental dispersive x-ray analysis and Rutherford
backscattering techniques. Film thicknesses were determined
by edge analysis on a scanning electron microscope.

The electrical resistivity (p,,) and Hall resistivity (py or
p,,) of the samples were measured in the horizontal rota-
tional stage of a physical property measurement system
(PPMS) (Quantum Design). In order to allow sequential
measurement of p,, and py at each set of conditions, a total
of six contacts (two shared current terminals and four voltage
terminals) were painted on each bar-shaped sample using
silver epoxy (Epotek, H20B). A low-temperature air anneal
(at least 1 h at 300 °C) was used to minimize contact resis-
tance. The 1 mA current used for measurements did not
cause sample heating under the measurement conditions
(5-350 K). Due to the demagnetization factors of the thin
films, it was assumed that B=pu,H during the measurement
and analysis of samples.

Misalignments of the Hall terminals were corrected for by
taking the difference between the measured Hall voltages at
applied fields of +H and —H and normalizing the readings.
For the measurements of py during temperature sweeps, a
constant field strength (9 T) and orientation (+H) were main-
tained, and a negative field at the sample surface was ob-
tained by flipping the sample by 180°. For ferromagnetic
samples with magnetic hysteresis at low applied fields, there
is more than one way that py can be defined, due to the fact
that the sample magnetization at a given field within the
hysteretic region will differ depending on whether the field is
being ramped up or down [M(H) # M (H)]. Thus, the two
sensible methods of defining the Hall resistivity as a function
of the Hall voltage V, applied current /, and sample thickness
t at a given applied field H measured while the applied field
is being increased (7) are either the “even sweep” manner,
where pHT(H):%[VT(H)—VT(—H)], or the “odd sweep”
fashion, where py;(H)=43[V;(H)-V (~H)]. We believe that
odd sweep method is most appropriate for ferromagnets as
the even sweep method artificially forces py to be zero at
H=0 in a magnetized sample, despite the finite Hall voltages
from the anomalous Hall effect present in such a sample.
One important consequence of the odd sweep method is that
py(H) will exhibit different values for the different directions
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of the field sweep [py(H) # py | (H)], allowing the hysteresis
of py to be properly visualized.

Thin film Seebeck coefficients were obtained using the
thermal transport platform of a Quantum Design PPMS.
Thermal leads (15 mil Cu wire) were attached with silver
epoxy to the LaAlOj substrate. Voltage readings were ob-
tained by using separate 1 mil Pt wires to connect the central
thermal leads to the film surface, again using silver epoxy.

Mean field theory was used to model the H, T, and
composition dependence of the thin film magnetization
M(H,T,x) of the Ca,Sr;_,RuO; system using a simple Bril-
louin function.!> The two sample-dependent parameters were
the spin interaction strength N and the saturation magnetiza-
tion M. A linear fit (6=152—233x) to the literature Curie-
Weiss 6 values of Kanbayashi'3 was used as a starting esti-
mate for \ through the derived relation A= 6/C. This suffices
to model both the ferromagnetic (<70% Ca) and paramag-
netic (=75% Ca) samples, dealing reasonably with both
positive and negative 6 values. The free magnetic moment
(represented by C) used inside the Brillouin function was
fixed at 2 up, while the saturation moment was estimated by
taking either the paramagnetic moment obtained from the
Curie-Weiss law (with T=5 K, C=1, and 0 estimated as

above) or the ferromagnetic moment, approximated as M,
(1.6 125)(100x) . .
=1.6 ,LLB—(;;T, as was judged appropriate from our

previous data on this system which showed that T extrapo-
lates to zero at 86% Ca doping.'® At each composition, \ was
refined so that the high-temperature behavior of the simu-
lated magnetization obeyed a Curie-Weiss law with C=1.
While these calculations are not strictly derived from first
principles results, the overall mean field magnetizations
simulated in this manner closely resembled high-field bulk
powder and single crystal magnetization data for a set of
samples with widely varying saturation moments (1.6 to
~0 up) and Curie-Weiss 6 values (+150 to —100 K) in a
system spanning a quantum phase transition.

III. RESULTS AND DISCUSSION

The low-temperature (5 K) Hall resistivity of the
Ca,Sr;_,RuOj; system shows a stunning compositional de-
pendence when the field dependence of the entire series is
compared on a single plot (Fig. 1). A visual examination of
the data shows two easily distinguishable regimes. At all
compositions, there is a high-field regime where py varies
linearly or nearly linearly in field. In ferromagnetic samples,
there is a second regime where py is hysteretic and py;
# py, (the Hall resistivity measured with increasing and de-
creasing applied fields, respectively). It has been common
practice in the literature to associate the jump in pg in the
hysteretic region with R, and the slope of the H-linear regime
with R,, though these assumptions break down for systems
such as SrRuO;, where M, is not achieved at the maximal
applied fields of the measurement (or even at fields of 40 T
for most Ca,Sr;_,RuO; compositions'#). It can be seen that
the slope of the H-linear region shows significant composi-
tion dependence. This slope is negative for <47% Ca, posi-
tive for samples with 47%—-87% Ca, and again negative for
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FIG. 1. (Color online) Compositional variation of the field-dependent Hall resistivity measured at 5 K for the Ca,Sr;_,RuO5 series. The
origin of each sample is horizontally offset by 5 T from the previous composition for clarity. Dashed vertical lines indicate 5 T intervals.

the 100% Ca sample. In a simplistic interpretation, this
would imply a change in carrier charge (electrons < holes) as
the boundaries between these three regions are crossed, an
interpretation which does not apply here since the sample
magnetizations are not saturated.

The behavior of the hysteretic region also has a strong
compositional dependence. The width of the hysteresis in py
is simply that of the hysteresis in M for these samples. As
seen in Fig. 2(a), the relatively small coercive field of pure
SrRuO; (H.=4 kOe) increases with doping to a maximum of
about 16 kOe for samples with 30%—40% Ca, before again
decreasing as the absolute magnitude of the moment on the
Ru atoms goes to zero. In samples with <20% Ca, there is a
large drop in py accompanying the field-induced magnetiza-

tion reversal (corresponding to a negative R,), while more
Ca-rich samples show the opposite effect (positive R,). The
sign of R, at H=0 can be unambiguously assigned since
R,B=0, leaving py=47MR, in the absence of an applied
field. The value of this “spontaneous” R, is plotted as a func-
tion of composition in Fig. 2(b), definitely proving that at
5 K there is a crossover from negative values of R to posi-
tive values of R, near 21% Ca.

The composition variation of the temperature-dependent
Hall resistivity (at uoH=9 T) has a very systematic variation
when the samples are grouped according to their ground state
magnetism (Fig. 3). When py for the most ferromagnetic
Ca,Sr;_ ,RuO; samples (x<60%) are plotted together in Fig.
3(a), similar behaviors are observed. At elevated tempera-
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tures, py increases on cooling until about T, at which point
the slope of py vs T changes from negative to positive. This
clearly indicates that the crossover in the behavior of py is
associated with the ferromagnetic transition. This change is
quite striking as the anomalous Hall response decreases de-
spite M increasing on cooling. The highest values of py are
found in the samples with 30% and 40% Ca. These maximal
values are right around the crossover from the paramagnetic
to the ferromagnetic regime, showing again that ferromag-
netism serves to depress py in these samples. Between 20%
and 30% Ca, the 5 K and 9 T value of py is negative despite
the positive value of R,. For these compositions, R, must be
negative (and larger in magnitude than R;) and the carriers
must be electrons. We can estimate the value of R,B for the
30% Ca samples as at least —2.6 X 1077 ) cm by looking at
the magnitude of R, at ugH=0 T, since R4mM must be
greater in magnitude at 9 T than at O T.

As we move toward the quantum phase transition (QPT)
at 70%-75% Ca, the downturn in py is increasingly sup-
pressed, and the two samples nearest the QPT no longer
exhibit a downturn. The behavior of py for the paramagnetic
samples (75%—-100% Ca) is shown in Fig. 3(b). Curiously, as

the system is tuned to the paramagnetic side of the QPT, py
again begins to drop at low temperatures and even changes
sign for the 100% Ca sample, exhibiting symmetric behavior
around the QPT. Although the CaRuOj sign change has been
commented on previously, its origin has still not been re-
solved. While the sign of R, could unambiguously be deter-
mined for the ferromagnetic samples, there is no absolute
method of deconvoluting the contributions of R, and R, in
samples without magnetic ordering due to the lack of hyster-
esis. Frequency-dependent infrared Hall measurements are
being pursued as an alternative method for answering this
questions.!>1°

We have additionally followed the detailed field (H) de-
pendence of py for a selection of the Ca,Sr;_ RuO; samples
at a variety of temperatures (Figs. 4 and 5). The high-field
slope of py vs H curves is often used to estimate R, from
Hall data, while the y intercept of the fitted lines is used to
find the anomalous portion, R47M, sometimes written as
p,. In such an analysis, R is a derived quantity which is
highly dependent on the accuracy and validity of the fitting
procedure. An examination of the data for the Ca,Sr;_,RuO;
system shows that for all of the compositions examined in
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FIG. 4. (Color online) Field- and temperature-dependent Hall resistivities for samples with 0%, 20%, 30%, and 40% Ca. Temperatures
are marked on scans, with colors varying from red (coldest, 5 K) to blue/violet (hottest, 250-300 K). Note the relatively small hysteretic
steps at 5 K in the 20% sample, where R, is near zero due to its proximity to a sign change. Significant variations in slope are observed even
below T due to the inability of laboratory fields (9 T) to saturate the magnetism of these compounds.

detail, this high-field slope varies considerably with tempera-
ture, behavior that is not attributable to R, (which should just
scale with the carrier concentration). Furthermore, there is
appreciable curvature in the py vs H plots even at high fields
(9 T). These observations indicate a fundamental problem
with applying this simple type of analysis to the
Ca,Sr;_,RuO; system of itinerant ferromagnets and make it
difficult to readily obtain values of R,. We have therefore
chosen to display the unprocessed py rather than just the
AHE portion (typically denoted as p/'F or pj,) to eliminate
model bias in the graphed data.

The difficulties in separating R, and R, are mainly due to
the difficulty of fully saturating the magnetization within this
Ca,Sr;_ RuO; system, but they are also exacerbated by the
similar magnitudes of the ordinary and anomalous Hall ef-
fect. This can be clearly seen in bulk susceptibility measure-
ments of a 60% Ca sample (Fig. 6), where the sample mag-
netization increases by almost a factor of 2 between the
closure of the hysteresis loop (at 1.5 T) and the extrapolated
moment for a 9 T applied magnetic field. Furthermore, the
unsaturated M increases nearly linearly with applied field
even at 5 K in the high-field ferromagnetic regime. This
means that both components of py(=R,B+R4wM) change
linearly with applied field, making it impossible to separate

the ordinary and anomalous portions of the Hall effect by
using the common method of fitting the high-field portion of
the py vs H data to a straight line.!” This is a consequence of
the either the itinerant nature of the magnetism or the strong
magnetocrystalline anisotropy of the compounds in the
Ca,Sr;_,RuOj; system. The only conditions where we can
reasonably accurately estimate R, from field sweeps are for
the most magnetic samples at the highest fields. The slope of
SrRuO; fit between 7 and 9 T gives a value of R, of —2.53
X102 Q em/G, or equivalently, -2.53X 10~ cm?/C.
From this number, we estimate a carrier concentration of
2.47 X 10?2 electrons/cm?>. This is equivalent to 1.5 electrons
per Ru site, based on the site density (1.69 X 10> Ru/cm?)
estimated from the stoichiometry and reported lattice param-
eters. This carrier concentration is reasonably close to the
values obtained in other studies*'8 but is still somewhat sur-
prising since an octahedral 4* Ru ion might be expected to
have holes as the dominant carriers because the t,, band is
more than half full. Under the 9 T fields used to measure p,
R,Bis —=2.27 %1077 ) cm, only about a quarter of the largest
magnitude of py found in our measurements in the
Ca,Sr;_,RuOj series.

Though it might seem that there is a special physical
meaning for the compositions where the high-field slope of
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FIG. 5. (Color online) Field- and temperature-dependent Hall resistivities for samples with 47%, 57%, 75%, and 100% Ca. Temperatures
are marked on scans, with colors varying from red (coldest, 5 K) to blue/violet (hottest, 85 K for 47% Ca, 300 K for all others). Nonlinear
behavior and sign changes are observed even in the paramagnetic regime (75% and 100% samples).

the 5 K pg hysteresis loops changes from negative to posi-
tive (around 47% Ca), this change is not due to a sign change
in R,. Instead, it reflects the point where R, and RS‘% are
equal in magnitude but opposite in sign. Since it is virtually
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impossible to accurately extract % from magnetization mea-
surements on thin films, the only statement that can be made
with confidence is that the low-T values of R, and R, have
different signs in the 47% Ca sample.

FIG. 6. (Color online)
Temperature-dependent magneti-
zation of a bulk preparation of a
60% Ca sample. Inset shows the
field-dependent magnetization at
fields up to 5 T. A parabolic fit
(dashed line) was used to extrapo-
late the data to the Hall measure-
ment field of 9 T.
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FIG. 7. (Color online) (a) Global fits of py
=po+Cy/(T—-6), with p, constrained to be the
same for all compositions. Data were collected at

an applied field of 9 T. Symbols and colors are

—I the same as in the previous plots, with markers
o) indicating measured data and lines representing
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While the individual analyses of Ca,Sr;_,RuO; samples
are complicated by their nearly linear response of M to H
under a wide range of conditions, stronger insights can be
obtained when the series as a whole is examined. Across the
entire range of Ca,Sr;_,RuO; samples, the high-temperature
behavior of py looks quite similar to the Curie-Weiss behav-
ior of the magnetic susceptibility (y) measured on bulk
preparations in this system.'? This is not surprising, as in the
temperature regime in which the Curie-Weiss law is obeyed,
4mM = xH, allowing us to rewrite our original expression for
the Hall resistivity, py=(R,+R,x)H. In this regime, both the
ordinary and anomalous contributions to py have an identical
field dependence, and we cannot use field sweeps to separate
the two components. If both R, and R, do not have a signifi-
cant temperature dependence,'® the T dependence of p, will
be the same as the T dependence of y, which is well modeled
by x=C.,,,/(T—6).*° We can therefore fit the Hall resistivity
data to a similar formulation, py=R,H+Cy/(T-6), and use
temperature to separate the ordinary (first term) and anoma-
lous (second term) contributions to py. Note that 6 still cor-
responds to the Weiss coefficient describing the nature and
strength of magnetic interactions, and Cy=C,, HR,. The Cu-
rie constant C.,, and applied field H are known to be T in-
dependent, while R, is assumed to be independent or nearly
independent of T in the high-temperature regime (7> T).

The validity of assuming a constant R, can be tested by
constraining R, to be constant across all compositions in the
Ca,Sr;_,RuOj series while allowing Cy and 6 to freely vary
for each composition. Excellent fits are obtained when a glo-
bal fit is performed on the data in the 240-350 K range [Fig.

7(a)], suggesting that R, is essentially constant in the high-
temperature regime. There is superb agreement between val-
ues of 6 obtained from these fits and those reported
previously'® for bulk measurements on powder preparations
of Ca,Sr;_,RuO; samples [Fig. 7(b)]. The global fits give a
value of R, of 3.77X107* Q cm/G, a value significantly
lower than that obtained from other methods. This deviation
may just be a mathematical mechanism for the global fit to
compensate for the changes of R; resulting from small varia-
tions (~20%) of p,, in the fitting regime and seems to only
approximate the true value of R,B in this system. An alter-
native possibility is that R, is not constant across the series
and that the global R, value represents an average across all
compositions.

The single composition which is not well described by
this Curie-Weiss-type fits is pure CaRuO;, which in many
ways shows the most unusual behavior of any compound in
this series. Although the data are well fitted by the common
carrier concentration, the fit 6y of —234 K falls far afield of
the extrapolated value of —68 K from the line drawn through
the data for other compositions. Even when not constrained
to share the same R, as the other compositions, an unreason-
able value of 6 (=350 K) is obtained. The inability of local
and global fits to give a reasonable value for 6.y in CaRuO5
raises the possibility that the high-temperature carriers in this
material are holes and not electrons. In their theoretical cal-
culations, Mazin and Singh?' found that exactly at the Fermi
energy Ep, the carriers are electrons in StRuO5 and holes in
CaRuO3;, though the influence of neighboring states might
not make those findings representative of the material as a
whole. Recent work?? exploiting the anisotropic susceptibil-

054404-7



KHALIFAH et al.

PHYSICAL REVIEW B 76, 054404 (2007)

O 100% Ca, smaller AT
® 100% Ca, larger AT
—— 75% Ca

30

20

S (WV/K)

FIG. 8. (Color online) Seebeck
coefficient for thin films with a
composition of 75% Ca (solid
line) and 100% Ca (circles)
obtained from thin film
measurements.

50 100 150 200

T(K)

ity of thin film CaRuO; has extracted a hole carrier concen-
tration which corresponds to R,=+2.6X107'2 Q) cm/G,
though the validity of this novel method has yet to be exter-
nally confirmed. It appears that either R, or R, has a very
significant temperature dependence for this one composition,
though it is impossible to tell which one at this time. As seen
in Fig. 8, the Seebeck coefficient (S) of CaRuO; has a sign
change at 40 K, not far from the sign change at 50 K for pg,
suggesting that the origin may be in R,. This proof is far
from conclusive for two reasons. The 75% Ca sample also
exhibits a sign change in S, yet does not have a sign change
in py. In addition, the positive sign of S obtained for STRuO;
in Seebeck measurements?>>* implies the signs of the domi-
nant carriers are holes, opposite of what was obtained from
the Hall resistivity data.

Despite the fact that all Ca,Sr;_,RuO; compositions ex-
hibit a positive value of py at high temperatures, the OHE
response is generally negative. Even the relatively small
Curie-Weiss magnetization of these samples (<0.1 up at
high 7) is sufficient to generate an anomalous Hall effect of
opposite sign and greater magnitude than the ordinary Hall
effect, making fits of this type crucial to correctly understand
the charge carriers in this system. We can get secondary
proof that the dominant carriers are electrons by looking at
ferromagnetic samples where R, goes to zero as it changes
sign. We can obtain the Hall coefficient Ry by dividing the
Hall resistivity (py) through by field (H). This leads to the
general expression Ry=R,+RAmM/H. In the ferromagnetic
regime, the magnetic susceptibility M/H is expected to be
strongly field dependent. If we find a temperature in the fer-
romagnetic regime at which Ry is independent of field, the
value of R, must be zero, and we will be trivially able to
obtain the value for R,. As seen in Fig. 9, this situation is
realized for the 0% and 20% Ca samples at ~115 and
~30 K, respectively. By finding the value of Ry at the point
where all of the Ry vs T curves cross, we roughly estimate
that R,=—2.75 X 107'2 Q cm/G for the pure SrRuO; sample
at 115 K and that R,=-2.25X 1072 Q) cm/G for the 20% Ca
sample at 30 K, numbers that are consistent with our original
estimate of R,=-2.47X107'2Q cm/G from field sweep
data.

While we have been able to obtain a good estimate of R,
we are most interested in learning about the temperature and

250

w
o
o

field dependence of the anomalous portion, R,. Rearranging
our expression for the Hall resistivity, we find that R,=(py
—R,B)/47M. This can only be done if we get a good esti-
mate of the sample magnetization under the conditions of the
Hall measurements (H=9 T). M from the thin films cannot
be accurately measured since the contribution from the
sample (~107° g) is not substantially larger than that of the
diamagnetic substrate (~107! g), especially for Ca-rich
samples which are not strong ferromagnets. Furthermore,
the largest in-plane dimension of the thin film samples
(~1 cm) precluded magnetic measurements in the same ori-
entation as the Hall measurements. In order to consistently
describe the susceptibility of the entire Ca,Sr;_,RuO; thin
film samples, we simulated the sample magnetizations using
a semiempirical mean field (MF) model incorporating pa-
rameters obtained from bulk sample measurements. The
simulated magnetizations are shown in Fig. 10 in units of
emu/mol. The maximum magnetization (SrRuO; at low T)
was 0.0992 emu/mol at 9 T, or equivalently, 3125 G.

Although MF theory, in general, suffers from the limita-
tion that the Curie-Weiss 6 and the magnetic ordering tem-
perature T are constrained to be equal and is known to
imperfectly model sample magnetization at low applied
fields, the adaptability of the MF model makes it appropriate
for this system. The lack of a sharp ordering feature in the
9 T susceptibility data and the similar magnitudes of the
paramagnetic and ferromagnetic portions of the magnetic
susceptibility at high fields allow both the low-temperature
and high-temperature data to be reasonably modeled using a
mean field theory using a single parameter (\) for the
strength of the internal magnetic interactions, where H,
=H+\M. The validity of this simulation for M is perhaps
best assessed by examining the extracted values of R, that it
produces through the derived equation R,=(py—R,B)/4mwM.
In Fig. 11, we have drawn plots of R calculated using the
low-temperature ferromagnetic estimate of R,B (-2.5
X 1077 QA cm).”> The simulated mean field magnetizations
lead to values of R; which vary smoothly and simply with
temperature, in sharp contrast to the complex temperature
dependence of the measured pg. This highlights the impor-
tance of using R, rather than py to examine the anomalous
Hall effect in magnetic materials.

The variation of the AHE with composition is also re-
markably smooth. Despite the suppression of ferromagnetic
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interactions with increasing Ca doping, the high-temperature
component of the anomalous Hall coefficient R; is found to
increase about fourfold on going from ferromagnetic STRuO;
to paramagnetic CaRuQj5. This underscores the fact that R,
describes a magnetotransport coupling constant which does
not simply depend on the degree of magnetization or the
strength of spin-spin coupling. The increase in R; with Ca
doping is essentially monotonic and shows mild and regular
variation with concentration. This is in apparent contradic-
tion to theoretical work which predicts that the AHE has a
“sharp and spiky” variation with Fermi energy,® though the
doping across the Ca,Sr;_,RuOj; series, of course, probes
changes in sample electronic structure rather than changes in
carrier concentration (since the Ca/Sr substitution is isoelec-
tronic). We would welcome detailed calculations of the band
structure of the full range of Ca,Sr;_,RuO; samples and of
their anomalous Hall response (in the form of a‘;‘yHE) to allow
this assertion to be fully tested.

When examined in the context of the entire series,
samples near the quantum phase transition (at 70%—75% Ca)
have the smallest drops in R, among the entire series.
Samples further in composition from the quantum phase

250

transition in either direction (toward ferromagnetism or to-
ward paramagnetism) have larger drops in R,. While the
abrupt drops and sign changes in R, for ferromagnetic
samples appear to be related to changes which occur during
ferromagnetic ordering, the origin of the large drop in R, for
CaRuOj is less clear. One intriguing possibility is that a hid-
den magnetic order develops on the paramagnetic side of the
quantum phase transition in this system, resulting in behavior
of the type observed in the closely related MnSi system.?®
The anomalously large magnetoresistance of CaRuOj; at low
temperatures'® also supports this possibility. While not de-
tectable in bulk susceptibility measurements, such hidden or-
der may still affect R; and would be consistent with the ob-
servation of symmetrical behavior in R, on opposite sides of
the QPT. Another possibility is that the nature of the carriers
has a strong temperature dependence in CaRuO3, though this
is not consistent with the positive Hall coefficient reported
for CaRu0O;.?

In conclusion, the compositional dependence of the sign
changes in py at both ends of the Ca,Sr;_,RuO; has been
investigated and found to be only a feature of the end mem-
bers, with an unexpected symmetry about the quantum phase

054404-9



KHALIFAH et al.

0.1

0.08

0.06 —

H=9T

—-o— 0%Ca-=- 8%Ca
13% Ca 23% Ca

30% Ca —~— 40% Ca

—m— 47% Ca 57% Ca
-¥- 69% Ca -+~ 75% Ca
—— 87% Ca —— 100% Ca

PHYSICAL REVIEW B 76, 054404 (2007)

0.04

M/H (emu/mol)

0.02 F

0.00

FIG. 10. (Color online) Simu-
lated magnetic susceptibilities (at
H=9T) of samples in the
Ca,Sr_,RuOj series.

100 200 300

T(K)

transition in this series. The peaks in the temperature-
dependent plots of Hall resistivities (py) seen for many
members of the Ca,Sr;_,RuOj series disappear when the data
are normalized for sample magnetization and plotted in
terms of R, indicating that the anomalous Hall response for
these materials is a smoothly varying function of tempera-
ture. Even after this normalization, R, still shows a pro-
nounced transition at the ferromagnetic T (and a sign
change below T for samples with <20% Ca). This indicates
that there are fundamental differences between the values of
R, observed for ferromagnetic samples in the low-T regime
(T<T, where R, can change sign) and in the high-T regime
(T>T., where R, is always positive and varies smoothly
with composition). This difference is ascribed to changes in
the Fermi surface of these itinerant ferromagnets as a result

400

of magnetic ordering. From the high-7 behavior of R,, it is
concluded that the strongest anomalous Hall response (for a
given sample magnetization) actually occurs for the para-
magnetic and not ferromagnetic compositions, underscoring
the complex nature of the anomalous Hall effect.
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