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Magnetic resistivity in SrRuO3 and the ferromagnetic phase transition
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We measured the resistivity of the itinerant ferromagnet SrRuO3 as a function of temperature (120 K,T
,180 K! and magnetic field (0,H,10 kOe! in the vicinity of the ferromagnetic phase transition (Tc;150
K!. We find that the magnetic resistivityrm is related to the magnetizationM by rm(M )5rm(0)2aM2 over
a wide range ofM. From the analysis of the resistivity data we determine the critical parameters of the phase
transitionb50.3460.02, g51.1460.07 belowTc , g51.1760.14 aboveTc , C1/C2;4. Hereb andg are
the critical exponents of the spontaneous magnetization and the susceptibility, respectively, andC1/C2 is the
amplitude ratio of the susceptibility. Our results are supported by a collapse of the magnetoresistance data on
a single curve when an approriate scaling function is used.
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I. INTRODUCTION

SrRuO3 is an itinerant ferromagnet (Tc;150 K! with in-
triguing transport properties: the high-temperature resisti
crosses the Ioffe-Regel limit,1 the temperature derivative o
the magnetic-related resistivity nearTc strongly deviates
from the expected specific-heat-like behavior,2 and the infra-
red conductivity indicates incoherent transport nearTc .3

These properties are our main motivation to explore the
terplay between magnetism and transport and to determin
precisely as possible the nature of the ferromagnetic ph
transition in this compound.

While efforts have been made in the past to study
magnetoresistance in thin films of SrRuO3,4–7 here we report
on measurements of single-phase films where the magn
field is applied along the~single! easy axis; thus ensurin
that the magnetization does not change its axis of orienta
when a magnetic field is applied. In addition, we concentr
here on the low field range (,10 kOe! to allow the investi-
gation of the true critical behavior~namely, beyond mean
field!. Furthermore, we establish experimentally that
simple relation exists between the magnetic resistivity a
the magnetization, which allows us to investigate the m
netic critical behavior by measurements of resistivity. Stu
ing the magnetic phase transition in thin films via transp
measurements has special advantages relative to bulk
surements of magnetization that suffer from weak signals
top of large contribution of the substrate~which is tempera-
ture and field dependent!.

Assuming that the resistivity can be separated into m
netic ~i.e., related to spin scattering! and nonmagnetic parts
the application of a magnetic field in the explored tempe
ture range (120– 180 K! is expected to affect the magnet
part while its effect on the nonmagnetic part~through the
Lorentz force! is expected to be negligible due to the re
tively short mean free path.8,19,20For that reason, the magne
toresistance~i.e., the change in the resistivity upon applic
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tion of field! manifests the interplay between magnetism a
transport in this compound.

We show that in a wide range of magnetizations the m
netic part of the resistivityrm is related to the magnetizatio
M by rm(M )5rm(0)2aM2, wherea is a constant~which
we determine from a comparison with measurements
magnetization!. Based on this relation, we use resistivity a
magnetoresistance measurements to determine the valu
the critical exponentsb and g ~which describe the critica
behavior of the spontaneous magnetization and the in
susceptibility, respectively!. We determineg independently
above and belowTc . With these exponents we successfu
scale the entire magnetoresistance data~except for tempera-
turesuT2Tcu,3 K!. We discuss, in view of the determine
critical exponents, the universality class of the magne
phase transition in SrRuO3.

II. SAMPLES

Our measurements are done on thin films of SrRu3

grown on slightly miscut (;2°) substrates of SrTiO3 by
reactive electron beam evaporation. These are untwin
single-crystal films9 in an orthorhombic phase, with the la
tice parameters ofa.5.53 Å, b.5.57 Å, andc.7.85 Å.
The @001# direction is in the plane of the thin film, and th
easy axis of the magnetization is approximately in the@010#
direction, which is at 45° out of the plane of the film. Th
direction of the easy axis changes continuously w
temperature,10 in the ~001! plane. The spontaneous magne
zation in the zero-temperature limit is nearly 1.4mB /Ru in
films and 1.6mB /Ru in bulk, while the paramagnetic mome
is 2mB /Ru.10 The thickness of the sample whose measu
ments are shown in this work is 2000 Å. The zero-field
sistivity nearTc(;153 K! is around 130mV cm and the
residual resistivity is;4.6 mV cm.
©2001 The American Physical Society35-1
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III. EXPERIMENT

We measured the resistivity of SrRuO3 as a function of
temperature and magnetic field near the ferromagnetic p
transition (Tc5153 K! with temperature stability of
60.01 K and field reproducibility of610 Oe. The magnetic
field was applied in the~001! plane, close to the easy axis o
the magnetization~approximately the@010# direction! and
the current was in the@001# direction. In this configuration
the magnetizationM is parallel to the easy axis when a fie
is applied and the current is always perpendicular toM . The
advantages of this configuration are as follows.~a! We avoid
changes in thedirectionof M which could induce changes i
resistivity due to the anisotropic magnetoresistance~AMR!
effect. ~b! Even if small changes in the direction ofM do
occur, the angle ofM relative to the current does not chang
since both the easy axis and the applied field are in a p
perpendicular to the current.~c! The magnetocrystalline an
isotropy does not compete with the applied field, since
field is applied along the easy axis, and it is always the
field which determines the degree of magnetic order.

Measurements belowTc were done after a sufficiently
high field (;20 kOe! was applied to saturate the samp
Then the sample remains saturated even at low fields.
domains in SrRuO3 renucleate only when a specific field
the opposite direction is applied, as it was observed in T
measurements,9 except a few degrees belowTc where the
domains renucleate at a low positive field. Since the field
which the nucleation starts is clearly observed in the swe
of resistivity versus field, we were able to assure that
measurements do not involve effects of changes in the
main structure or domain-wall resistivity,11 but reflect solely
the changes in the magnetization.

IV. DATA ANALYSIS

A. Zero-field resistivity and the critical exponent b

The zero-field resistivity nearTc is shown in Fig. 1. Since
aboveTc the magnetization vanishes, the magnetic resistiv
induced by spin scattering is expected to become temp
ture independent far enough aboveTc . Therefore, we may
assume that the temperature dependence of the resis
there is only due to nonmagnetic components of the resis
ity. Assuming that the behavior of thenonmagneticresistiv-
ity is not affected by the ferromagnetic phase transition,
behavior belowTc can be approximated~in some small
range of temperatures! by an extrapolation of the resistivit
aboveTc , which we denote byr1(T). We then subtract the
measured resistivity belowTc from the extrapolatedr1(T)
~based on a linear fit of the range 1602170 K! and denote
the difference byDrsp ~see Fig. 1!. This difference is related
to magnetic ordering, and in the following we determine
functional dependence on the magnetizationM.

Figure 2 shows a plot of lnDrsp as a function of lnutu,
where t5(T2Tc)/Tc , andTc5153 K ~see the Appendix!.
The temperature range used in this fit is 130–149 K. T
linearity of the plot in Fig. 2 clearly indicates thatDrsp
exhibits a power-law behavior as a function ofutu:
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wheres50.68 is the slope of the plot.
If the magnetic resistivityrm depends only on the mag

netic ordering, we can expand the magnetic resistivity in
power series inM aroundrm(0), which is the magnetic re-
sistivity when no magnetic order exists. Due to symmet
only even powers ofM appear in the expansion

rm~M !5rm~0!2aM22bM41•••. ~2!

FIG. 1. Temperature dependence of zero-field resistivityr near
Tc(;153 K!. The solid line is the extrapolation of the resistivit
from T.Tc . The definition ofDrsp is shown. The inset shows th
behavior ofdr/dT.

FIG. 2. Critical behavior ofDrsp with respect to the reduced
temperaturet5(T2Tc)/Tc from 130 to 149 K withTc5153 K. A
linear fit is shown. The inset shows the correspondence betw
Drsp and the square of the measured spontaneous magnetiz
Msp .
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On the other hand, we assume thatDrsp is simply

Drsp~T!5rm~0!2rm@Msp~T!#, ~3!

where Msp(T) is the spontaneous magnetization. Thus
obtain

Drsp5aMsp
2 1bMsp

4 1•••. ~4!

In the vicinity of the critical point,Msp is expected to
exhibit a power-law behavior of the formMsp}utub. There-
fore we suggest, on the basis of the result in Eq.~1!, that in
our caseDrsp is well described by the first term alone of E
~4! and then it follows that

Drsp}utu2b, ~5!

whereb is the critical exponent of the magnetization.
This implies thatb can be found from a plot of lnDrsp as

a function of lnutu, as in Fig. 2. Hence we obtainb50.34,
which is a reasonable value for this exponent.~Usually b is
found to have values between 0.3 and 0.5. See, e.g., R
12–15.!

To determine more accurately the values ofTc andb we
plottedDrsp

1/(2b) as a function ofT for trial values ofb until
the best linear dependence was obtained. From the inter
of the line with theT axis we foundTc . In order to check the
reliability of the results we followed the same procedure
different ranges of extrapolation ofr1(T) and for different
ranges of fitting~see the Appendix!. From this analysis we
find thatTc5153.060.5 K, andb50.3460.02.

Comparing these measurements with measurement
spontaneous magnetization on the same film we find
Drsp5aMsp

2 ~see inset to Fig. 2! with a5(9.561.0)
31024mV cm/(emu/cm3)2. After checking the resistivity of
other films, with different thicknesses~down to 100 Å! and
different residual resistivities~up to 30 times higher than in
the film described here!, we find that the value ofa is quite
insensible to these parameters~the observed changes we
less than 20%).

B. Magnetoresistance and the critical exponentg

The previous subsection implies that

rm~M !5rm~0!2aM2. ~6!

This relation enables us to find the magnetic susceptib
from the measurements of magnetoresistance.

The initial susceptibilityx0 ~defined as]M /]H at H
50) is expected to exhibit a power-law behavior nearTc :

x05C6utu2g, ~7!

whereC1 andC2 are the amplitudes above and belowTc ,
respectively, andg is the critical exponent. In the following
we determineg separately from measurements above a
below Tc and also calculate the value of the amplitude ra
C1/C2.
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Determination ofg above Tc . We can expand the mag
netic fieldH ~at a constant temperature! as a power series in
M:

H5a1M1a2M31•••, ~8!

where a1 and a2 are temperature-dependent constants.
small fields, when the first two terms of the expansion
sufficient, we obtain

H

M
5a11a2M2. ~9!

For M→0, Eq.~9! reduces toa15H/M . Therefore from the
definition of the initial susceptibilityx0 it follows that
x0(T)51/a1(T). We determineM from measurements o
magnetoresistance according to Eq.~6!. When plottingM2

vs H/M , the values ofa1(T) can be found from the intercep
with the H/M axis. Then the critical exponentg is found
from the slope of a log-log plot ofx0 vs utu, according to the
definition of g in Eq. ~7!; see Fig. 3. The plot includes th
temperatures 1552166 K. The value ofg found by this
method isg51.1760.14.

Determination ofg below Tc . At temperatures belowTc
a linear response of the resistivity to a low field is observ
Since thin films of SrRuO3 remain in a single-domain stat
even at low fields~see Sec. III!, it is an intrinsic effect ofH
on M ~not related to changes in the domain structure!. Thus
]M /]H at low fields is the initial susceptibilityx0. The
quantity ]M /]H can be found from the measured]r/]H,
since using Eq.~6! we can write

]r

]H
522aMsp

]M

]H
, ~10!

FIG. 3. Critical behavior of the initial susceptibilityx0 below
and aboveTc . The critical exponentg is found from the slopes of
the linear fits.
5-3
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where the value ofMsp at each temperature can be obtain
from the measurements ofDrsp ~based on the relation
Drsp5aMsp

2 ). We calculated]r/]H from measurements
between 1302148 K. At each temperature we used the ran
of magnetoresistances from 0.08 to 0.16mV cm, where the
fields were small enough so that]M /]H is approximately
x0, and high enough so that even at temperatures close tTc
they are higher than the fields where the magnetization
versal starts. The value ofg found from the slope of a
log-log plot of x0 vs utu ~see Fig. 3! is g51.1460.07.

By comparing the susceptibilities above and belowTc we
find that the amplitude ratioC1/C2 is ;4.

The effect of the demagnetizing field was included in o
analyses;16 however, the correction was usually small.

C. Magnetoresistance data collapse

According to the scaling law hypothesis, the relation b
tween the magnetic fieldH, the magnetizationM, and the
reduced temperaturet in the critical region has the form

M

utub
5 f 6S H

utub1gD , ~11!

wheref 6 is a function that is different below and aboveTc .
Using Eq.~6! we obtain for the magnetoresistance

Dr~T,H !5r~T,H !2r~T,0!

52a@M2~T,H !2M2~T,0!#

52autu2bF f 6
2 S H

utub1gD 2 f 6
2 ~0!G .

The expression within the square brackets is a function
H/utub1g alone, therefore there exists a scaling law for t
magnetoresistance of the form

Dr

utu2b
5F6S H

utub1gD ~12!

or

r 5F6~h!, ~13!

wherer 5uDru/utu2b andh5H/utub1g. When the correct val-
ues ofb andg are substituted, plotting the values ofr as a
function ofh should give a smooth curve~with two branches,
described byF1 and F2 , for T.Tc and T,Tc , respec-
tively!. The correction of the applied field for the demagn
tization was not taken into account here.

Figure 4 shows the data collapse obtained with the va
of the critical exponents andTc found in this work (Tc
5153 K, b50.34 andg51.15). This plot includes data fo
temperatures between 130 and 170 K~excluding the tem-
peraturesuT2Tcu,3 K! and fields between 2 and 10 kOe.
is clearly seen that measurements at different temperat
fall on the same curve.
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V. SUMMARY AND CONCLUSIONS

From the behavior of the zero-field resistivity near t
ferromagnetic phase transition we concluded that the dep
dence of the magnetic resistivity on the magnetization
rm(M )5rm(0)2aM2. Based on this result and using me
surements of resistivity and magnetoresistance we de
mined the values of the parametersb, g, andC1/C2 which
describe the magnetic critical behavior in SrRuO3. From the
zero-field resistivity data we determined thatb50.34
60.02. From the magnetoresistance data belowTc we found
that g51.1460.07, and using the data aboveTc we found
thatg51.1760.14. The consistency of values ofg obtained
below and aboveTc supports the validity of our analysis
Comparing the susceptibilities above and belowTc we ob-
tainedC1/C2;4.

The current results are somewhat different from the o
presented in a previous report on the critical indices wh
relied on direct measurements of magnetization.10 While the
zero-field resistivity belowTc gives a similar result forb, we
obtain a different value forg aboveTc ~which is determined
from field-dependent measurements!. We attribute the differ-
ence mainly to the fact that previously the field was n
applied along the easy axis and therefore unwanted cha
in the direction of the magnetic moment were involved.

In Table I we compare the extracted critical expone
with the exponents of the different theoretical models~mean-
field, Ising, Heisenberg!. The comparison suggests th
SrRuO3 belongs to Ising universality class. This result can
understood in view of the high uniaxial anisotropy
SrRuO3 which persists also aboveTc .17

It is important to note that the relationrm(M )5rm(0)
2aM2 is an approximation which cannot hold arbitrari
close toTc , since it neglects the influence of spin-spin co
relation on the resistivity. This correlation plays an importa
role very close toTc as manifested in the divergence

FIG. 4. Scaling of the magnetoresistance-temperature-field d
The quantitiesr and h are defined in the text. Data for fields be
tween 2 and 10 kOe and temperatures between 130 and 170 K
legend, is included.
5-4
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TABLE I. Comparison of critical parameters of SrRuO3 with different theoretical models.

b g(T,Tc) g(T.Tc) C1/C2

Mean field theory 0.5 1 1 2
3D Ising modela 0.326 1.24 1.24 4.8
3D Heisenberg modelb 0.36 1.39 1.39
SrRuO3 ~this work! 0.3460.02 1.1460.07 1.1760.14 ;4

aReference 13.
bReference 14.
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drm /dT ~see inset to Fig. 1!, which was discussed by Fishe
and Langer18 ~and was found to be anomalous in SrRuO3,
Ref. 2!. We can estimate the contribution of this effect to t
resistivity by integration of the diverging part ofdr/dT. This
contribution is found to be small relative to the resistiv
changes considered in our analysis, and it falls rapidly w
departing fromTc . Since we did not include in our analyse
temperatures which areveryclose toTc , the omission of this
contribution is justified.

In conclusion, the consistent picture of the ferromagne
phase transition not only supports the obtained values of
critical exponents, but it also reinforces the simple relat
between the magnetic resistivity and the magnetizat
rm(M )5rm(0)2aM2, which holds for a surprisingly wide
range ofM.
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APPENDIX: DETERMINATION OF Tc AND b

The critical temperatureTc can be found from the loca
tion of the peak ofdr/dT ~denoted hereafter byTc8), and
from the location of the peak of the induced magnetization
a constant magnetic field~hereafter denotedTc9). Ideally,
Tc5Tc85Tc9 ; however, there is always some smearing of
transition ~due to, e.g., defects or small temperature gra
ents!, which may slightly shiftTc8 andTc9 relative toTc .

We find that Tc85152 K. However, sincedr/dT de-
creases aboveTc much faster than it grows belowTc ~see
A.
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inset to Fig. 1!, it is clear that rounding of the idealdr/dT vs
T ~caused by the smearing! would result in a negative shift o
Tc8 , namely,Tc8,Tc .

We estimateTc9 to be the location of the maximum of th
~negative! magnetoresistance at a constant field. From m
surements at different fields we find thatTc95153.560.7 K.
However, due to the smearing, we expect to obtainTc9
.Tc . This is because the critical susceptibility aboveTc has
a larger amplitude than it has belowTc ~see values of
C1/C2 in Table I!. Based on the results presented in t
previous two paragraphs we choseTc5153 K to be the pre-
liminary value forTc .

In the following we give details on a more accurate d
termination ofTc and the determination of the critical expo
nent b, based on our interpretation ofDrsp , as it is de-
scribed in the text. We plottedDrsp

1/(2b) as a function ofT for
trial values ofb until we obtained the most straight line. Ou
basic choice is to make the extrapolation ofr1(T) upon the
range of 1602170 K ~not too far from the investigated are
and not too close toTc) and to make the fit ofDrsp between
1402149 K ~not too far fromTc , so that only the leading
asymptotic terms are significant, and not too close toTc , so
that the results are not affected by the smearing and by
short-range spin correlations!. This results inTc5153.2 K
andb50.347.

To check how a change of the fit range may affect
results we did the same calculation for the ranges 1
2145 K and 1452151 K and obtained the resultsTc
5152.5 K,b50.325, andTc5153.4 K,b50.353 for those
ranges, respectively. Another check was to change the ra
upon which the extrapolation ofr1(T) is done. For a range
of 1602180 K we obtainedTc5153.4 K,b50.348. There-
fore we conclude that reliable values areTc5153.060.5 K
andb50.3460.02.
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