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Magnetic resistivity in STRuO; and the ferromagnetic phase transition
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We measured the resistivity of the itinerant ferromagnet SeRaa function of temperature (126K
<180 K) and magnetic field (& H<10 kOg in the vicinity of the ferromagnetic phase transitiof, {- 150
K). We find that the magnetic resistivipy, is related to the magnetizatidvt by p,,(M)= p,,(0)—aM? over
a wide range oM. From the analysis of the resistivity data we determine the critical parameters of the phase
transition3=0.34+0.02, y=1.14+0.07 belowT,, y=1.17+0.14 aboveT,, C*/C~ ~4. Herep and y are
the critical exponents of the spontaneous magnetization and the susceptibility, respectively/@ndis 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 tion of field) manifests the interplay between magnetism and
transport in this compound.
SrRuG is an itinerant ferromagnefT¢~ 150 K) with in- We show that in a wide range of magnetizations the mag-

triguing transport properties: the high-temperature resistivitynetic part of the resistivity,, is related to the magnetization
crosses the loffe-Regel limitthe temperature derivative of M by p,(M)=pm(0)—aM?, wherea is a constantwhich

the magnetic-related resistivity nedi; strongly deviates we determine from a comparison with measurements of
from the expected specific-heat-like behaviand the infra-  magnetization Based on this relation, we use resistivity and
red conductivity indicates incoherent transport ndar®  magnetoresistance measurements to determine the values of
These properties are our main motivation to explore the inthe critical exponentg and y (which describe the critical
terplay between magnetism and transport and to determine ggnavior of the spontaneous magnetization and the initial
precisely as possible the nature of the ferromagnetic phass%sceptibility, respectively We determiney independently

transition in this compound. :
: . above and below .. With these exponents we successfully
While eff_orts ha\(e b.ee’? made in the7 past to study thescale the entire magnetoresistance datecept for tempera-
magnetoresistance in thin films of SrIRy® "’ here we report

. X tures| T—T¢|<3 K). We discuss, in view of the determined
on measurements of single-phase films where the magnetic

field is applied along thésingle easy axis; thus ensuring critical equqent;, the universality class of the magnetic
that the magnetization does not change its axis of orientatioﬂhase transition in SrRuO

when a magnetic field is applied. In addition, we concentrate

here on the low field range<(10 kO#8 to allow the investi-

gation of the true critical behavionamely, beyond mean Il. SAMPLES

f|_e|d). Furth_ermor_e, we establish experlmental_ly_ t_hat 4 Our measurements are done on thin films of SrRuO
simple relation exists between the magnetic resistivity and . . o .

the magnetization, which allows us to investigate the mag-grown on slightly miscut {2°) substrates of SrTipby

netic critical behavior by measurements of resistivity. Study-rea(:t've electron beam evaporation. These are untwinned

ing the magnetic phase transition in thin films via transporSindle-crystal flmS in an orthorhombic phase, with the lat-
measurements has special advantages relative to bulk melf€ parameters o&=5.53 A b=557 A, andc=7.85 A
surements of magnetization that suffer from weak signals or "€ [001] direction is in the plane of the thin film, and the
top of large contribution of the substratehich is tempera- €asy axis of the magnetization is approximately in 0]
ture and field dependent direction, which is at 45° out of the plane of the film. The

Assuming that the resistivity can be separated into magdirection of the easy axis changes continuously with
netic (i.e., related to spin scatteringnd nonmagnetic parts, temperaturé? in the (001) plane. The spontaneous magneti-
the application of a magnetic field in the explored temperazation in the zero-temperature limit is nearly Ag/Ru in
ture range (120-180 Kis expected to affect the magnetic films and 1.6.g/Ru in bulk, while the paramagnetic moment
part while its effect on the nonmagnetic pathrough the is 2ug/Rul® The thickness of the sample whose measure-
Lorentz force is expected to be negligible due to the rela- ments are shown in this work is 2000 A. The zero-field re-
tively short mean free paftt>2°For that reason, the magne- sistivity nearT¢(~153 K) is around 130uQ) cm and the
toresistancdi.e., the change in the resistivity upon applica- residual resistivity is~4.6 u{) cm.
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IIl. EXPERIMENT 150 — - T . T —

We measured the resistivity of SrRy@s a function of
temperature and magnetic field near the ferromagnetic phas
transition (.=153 K) with temperature stability of
+0.01 K and field reproducibility of- 10 Oe. The magnetic
field was applied in thé001) plane, close to the easy axis of
the magnetizationiapproximately thef010] direction) and
the current was in thg001] direction. In this configuration
the magnetizatioM is parallel to the easy axis when a field
is applied and the current is always perpendiculavitoThe , , ]
advantages of this configuration are as follotes.We avoid 140 160 180 -
changes in théirectionof M which could induce changes in Temperature (K)
resistivity due to the anisotropic magnetoresistas®IR) L
effect. (b) Even if small changes in the direction df do 120 130 140 150 160 170 180
occur, the angle o¥l relative to the current does not change, Temperature (K)

since both the easy axis and the applied field are in a plane G d d ¢ field resistiyi
perpendicular to the currentc) The magnetocrystalline an- FIG. 1. Temperature dependence of zero-field resistivinear
T.(~153 K). The solid line is the extrapolation of the resistivity

I.SOtro.py does not compete with t.he appl_le_d field, since th(?rom T>T,. The definition ofAp, is shown. The inset shows the
field is applied along the easy axis, and it is always the full . P
behavior ofdp/dT.

field which determines the degree of magnetic order.
Measurements belowW . were done after a sufficiently
high field (~20 kOe was applied to saturate the sample. Apgpe|t[®, 1
Then the sample remains saturated even at low fields. The
domains in SrRu@renucleate only when a specific field in
the opposite direction is applied, as it was observed in TE
measurementS except a few degrees beloW, where the
domains renucleate at a low positive field. Since the field afe
which the nucleation starts is clearly observed in the sweep, o
of resistivity versus field, we were able to assure that ou
measurements do not involve effects of changes in the dod
main structure or domain-wall resistivity but reflect solely
the changes in the magnetization.
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Myheres=0.68 is the slope of the plot.

If the magnetic resistivityp,, depends only on the mag-
tic ordering, we can expand the magnetic resistivity in a
wer series ifM aroundp,(0), which is the magnetic re-
istivity when no magnetic order exists. Due to symmetry,
nly even powers ol appear in the expansion

pm(M)=pn(0)—aM2—bM*+ - ... )
IV. DATA ANALYSIS
A. Zero-field resistivity and the critical exponent 8 28 | ”
The zero-field resistivity nedr. is shown in Fig. 1. Since 26 L § 2
aboveT . the magnetization vanishes, the magnetic resistivity g
induced by spin scattering is expected to become tempera 24 | 815
ture independent far enough aboVg. Therefore, we may L 10 e
assume that the temperature dependence of the resistivit o« 22 [ 1 15 2 25 3
7] L 2 4 2,
there is only due to nonmagnetic components of the resistiv-$ 7 M, 110" (emurom )]
ity. Assuming that the behavior of theonmagnetiaesistiv- c 2 r
ity is not affected by the ferromagnetic phase transition, its i
behavior belowT, can be approximatedin some small 18
range of temperaturg®y an extrapolation of the resistivity i
aboveT,, which we denote by ' (T). We then subtract the 1.6
measured resistivity below, from the extrapolateg* (T) I |
(based on a linear fit of the range 16070 K) and denote 14 =
the difference by ps, (see Fig. 1 This difference is related -4 -3.5 -3 2.5 -2
to magnetic ordering, and in the following we determine its In It
functional dependence on the magnetizafibn
Figure 2 shows a plot of Iapg, as a function of I, FIG. 2. Critical behavior ofApg, with respect to the reduced

wheret=(T—T.)/T;, andT.=153 K (see the Appendix  temperaturé=(T—T,)/T, from 130 to 149 K withT,=153 K. A

The temperature range used in this fit is 130—149 K. Theinear fit is shown. The inset shows the correspondence between
linearity of the plot in Fig. 2 clearly indicates thadtps,  Apg, and the square of the measured spontaneous magnetization
exhibits a power-law behavior as a function|gf sp-
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On the other hand, we assume thai;, is simply

Apsp(T):Pm(o)_pm[Msp(T)]: (©))

where M (T) is the spontaneous magnetization. Thus we
obtain

In Xo

Apsp=aMZ +bMg + - -. @)

In the vicinity of the critical point,Ms, is expected to
exhibit a power-law behavior of the for o< |t|. There-
fore we suggest, on the basis of the result in @g, that in
our casel pg, is well described by the first term alone of Eq.

(4) and then it follows that 45 4 35 3 25 -2
Apeg|t)?, (5) In 1t
where is the critical exponent of the magnetization. FIG. 3. Critical behavior of the initial susceptibility, below

This implies tha@ can be found from a plot of Iapg, as and _above‘l_’c. The critical exponeny is found from the slopes of
a function of Ift], as in Fig. 2. Hence we obtajg=0.34, the linearfits.
which is a reasonable value for this expondhisually 8 is
found to have values between 0.3 and 0.5. See, e.g., Refs. Determination ofy above T. We can expand the mag-
12-15) netic fieldH (at a constant temperatyras a power series in
To determine more accurately the valuesTgfand8 we  M:
plotted A p$*) as a function off for trial values ofg until
the best linear dependence was obtained. From the intercept
of the line with theT axis we foundT ... In order to check the
reliability of the results we followed the same procedure for
different ranges of extrapolation @f (T) and for different wherea, anda, are temperature-dependent constants. For
ranges of fitting(see the Appendix From this analysis we small fields, when the first two terms of the expansion are
find thatT,=153.0+0.5 K, andB=0.34+0.02. sufficient, we obtain
Comparing these measurements with measurements of
spontaneous magnetization on the same film we find that
Aps,=aM, (see inset to Fig. )2 with a=(9.5+1.0) ﬂ:alJrazM 2 ©)
X 10~ *1.Q cm/(emu/cm)?. After checking the resistivity of M
other films, with different thicknessdgown to 100 A and
different residual resistivitiegup to 30 times higher than in For M —.0, Eq.(9) reduces ta,=H/M. Therefore from the
the film described hejewe find that the value a& is quite  gefinition of the initial susceptibilityy, it follows that
insensible to these parametdtbe observed changes were , (T)=1/a,(T). We determineM from measurements of

H=a,M+a,M3+..., (8)

less than 20%). magnetoresistance according to E6).. When plottingM?
vsH/M, the values o&,(T) can be found from the intercept
B. Magnetoresistance and the critical exponenty with the H/M axis. Then the critical exponent is found

from the slope of a log-log plot of, vs |t|, according to the
definition of y in Eq. (7); see Fig. 3. The plot includes the
pr(M)=p(0) —aM?. (6) temperalture_s 155166 K. The value ofy found by this
method isy=1.17+0.14.
This relation enables us to find the magnetic susceptibility Determination ofy below T,. At temperatures below,

The previous subsection implies that

from the measurements of magnetoresistance. a linear response of the resistivity to a low field is observed.
The initial susceptibilityy, (defined assM/dH at H  Since thin films of SrRu@remain in a single-domain state
=0) is expected to exhibit a power-law behavior n&ar even at low fieldgsee Sec. I}, it is an intrinsic effect oH
on M (not related to changes in the domain structufdus
Xo=C~|t| 77, (7) JM/gH at low fields is the initial susceptibilityyo. The

quantity JM/dH can be found from the measureg/JH,
whereC* andC~ are the amplitudes above and bel@y, since using Eq(6) we can write
respectively, andy is the critical exponent. In the following
we determiney separately from measurements above and
below T, and also calculate the value of the amplitude ratio ap M (10

ctic on -~ 2aMeogp
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where the value oM, at each temperature can be obtained ]
from the measurements okp,, (based on the relation vt oa
ApspzaMip). We calculateddp/dH from measurements 10' | s
between 136 148 K. At each temperature we used the range < ¥ e
of magnetoresistances from 0.08 to 0,48 cm, where the . . 130K
fields were small enough so thaM/JH is approximately . 0¥ - : o 134K
Xo, and high enough so that even at temperatures clo$g to oot 2 o 138K
they are higher than the fields where the magnetization re. o 14K
versal starts. The value of found from the slope of a 10° o*
log-log plot of xo vs |t| (see Fig. 3is y=1.14+0.07. [ . v
By comparing the susceptibilities above and belbywe .° » 1K
find that the amplitude rati€"/C~ is ~4. ° = 15K
The effect of the demagnetizing field was included in our s v 16X
analyses® however, the correction was usually small. 10" 166K
o 170K
C. Magnetoresistance data collapse ‘1‘05 '1‘06

According to the scaling law hypothesis, the relation be-

PHYSICAL REVIEW B 63 054435

h

tween the magnetic fieltH, the magnetizatioM, and the

reduced temperaturtein the critical region has the form FIG. 4. Scaling of the magnetoresistance-temperature-field data.

The quantities and h are defined in the text. Data for fields be-
tween 2 and 10 kOe and temperatures between 130 and 170 K, see
legend, is included.

=f.
L

M ( H
, (11

- It

V. SUMMARY AND CONCLUSIONS

wheref .. is a function that is different below and aboVg.

Using Eq.(6) we obtain for the magnetoresistance From the behavior of the zero-field resistivity near the

ferromagnetic phase transition we concluded that the depen-
dence of the magnetic resistivity on the magnetization is
pm(M)=p,(0)—aM?. Based on this result and using mea-
surements of resistivity and magnetoresistance we deter-
mined the values of the parametgtsy, andC*/C~ which
describe the magnetic critical behavior in SrRu®rom the
. zero-field resistivity data we determined th#=0.34
+0.02. From the magnetoresistance data belpwe found
The expression within the square brackets is a function o?hat y=1.14£0.07, and using the data abo¥g we fo_und
H/|t|#*” alone, therefore there exists a scaling law for thel'at ¥=1.17=0.14. The consistency of values pfobtained
magnetoresistance of the form below a_nd aboveT . supports the validity of our analysis.
Comparing the susceptibilities above and beldywwe ob-

Ap(T,H)=p(T,H)—p(T,0)
=—a[M*(T,H)—M*T,0)]

=—alt|?$| 2

)—f%m)

|t|,3+7

tainedC*/C~ ~4.
Ap —F. H (12) The current results are somewhat different from the ones
[t|22 T\ |t]AtY presented in a previous report on the critical indices which

relied on direct measurements of magnetizatfbwhile the
or zero-field resistivity below ; gives a similar result foB, we
obtain a different value foy aboveT, (which is determined
from field-dependent measuremeni&/e attribute the differ-
ence mainly to the fact that previously the field was not
applied along the easy axis and therefore unwanted changes
in the direction of the magnetic moment were involved.

r=F.(h), (13
wherer =|Ap|/|t|?# andh=H/|t|#"”. When the correct val-
ues of 8 and y are substituted, plotting the valuesoés a
function ofh should give a smooth curvgith two branches, In Table | we compare the extracted critical exponents
described byF, andF_, for T>T, and T<T,, respec- with the exponents of the different theoretical modetgan-
tively). The correction of the applied field for the demagne-field, Ising, Heisenbepg The comparison suggests that
tization was not taken into account here. SrRuG, belongs to Ising universality class. This result can be
Figure 4 shows the data collapse obtained with the valuesnderstood in view of the high uniaxial anisotropy of
of the critical exponents and, found in this work I,  SrRuG, which persists also above, .’
=153 K, =0.34 andy=1.15). This plot includes data for It is important to note that the relatiop,,(M)=p,(0)
temperatures between 130 and 170(ékcluding the tem- —aM? is an approximation which cannot hold arbitrarily
perature$T— T,/ <3 K) and fields between 2 and 10 kOe. It close toT., since it neglects the influence of spin-spin cor-
is clearly seen that measurements at different temperatureslation on the resistivity. This correlation plays an important
fall on the same curve. role very close toT. as manifested in the divergence of
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TABLE |. Comparison of critical parameters of SrRy@ith different theoretical models.

B YT<TY) YT>Ty) ct/c
Mean field theory 0.5 1 1 2
3D Ising modet 0.326 1.24 1.24 4.8
3D Heisenberg mod®| 0.36 1.39 1.39
SrRuQ, (this work) 0.34+0.02 1.14-0.07 1.170.14 ~4

%Reference 13.
bReference 14.

dp,/dT (see inset to Fig.)1 which was discussed by Fisher
and Lange!® (and was found to be anomalous in SrRuO

inset to Fig. }, it is clear that rounding of the idedp/dT vs
T (caused by the smearipgould result in a negative shift of

Ref. 2. We can estimate the contribution of this effect to the T, | namely, T, <T..

resistivity by integration of the diverging part dp/dT. This
contribution is found to be small relative to the resistivity
changes considered in our analysis, and it falls rapidly whe
departing fromT .. Since we did not include in our analyses
temperatures which areryclose toT ., the omission of this
contribution is justified.

In conclusion, the consistent picture of the ferromagneti

phase transition not only supports the obtained values of th

We estimateT;, to be the location of the maximum of the
(negative magnetoresistance at a constant field. From mea-

"Yurements at different fields we find thEt=153.5-0.7 K.

However, due to the smearing, we expect to obtéjh
>T.. This is because the critical susceptibility abdyehas

@ larger amplitude than it has beloW, (see values of

g*/C* in Table ). Based on the results presented in the

critical exponents, but it also reinforces the simple relationPT€vious two paragraphs we chobg=153 K to be the pre-
between the magnetic resistivity and the magnetizationiminary value forTe.

pm(M)=p,(0)—aM?, which holds for a surprisingly wide
range ofM.
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APPENDIX: DETERMINATION OF T, AND B

The critical temperatur&, can be found from the loca-
tion of the peak ofdp/dT (denoted hereafter by/), and

140149 K (not too far fromT., so that only the leading
asymptotic terms are significant, and not too clos& ¢ so
that the results are not affected by the smearing and by the
short-range spin correlationsThis results inT.=153.2 K
and 8=0.347.

To check how a change of the fit range may affect the
results we did the same calculation for the ranges 135

from the location of the peak of the induced magnetization at_ 145 Kk and 145 151 K and obtained the resulE,

a constant magnetic fielthereafter denoted?). Ideally,

=152.5 K, #=0.325, andT.=153.4 K, 8=0.353 for those

T.=T.=T¢; however, there is always some smearing of theranges, respectively. Another check was to change the range
transition (due to, e.g., defects or small temperature gradi-upon which the extrapolation gf"(T) is done. For a range

ent9, which may slightly shiftT; andT¢ relative toT..
We find that T;=152 K. However, sincedp/dT de-
creases abové&, much faster than it grows beloWw, (see

of 160—180 K we obtained.=153.4 K, 3=0.348. There-
fore we conclude that reliable values arg=153.0+0.5 K
and 8=0.34+0.02.
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