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Zero-field-cooled (ZFC) magnetization, field-cooled (FC) magnetization, ac magnetic susceptibility and major

hysteresis loops of itinerant ferromagnet SrRuO3 have been measured at magnetic ordering temperatures ranging from

5 to 160 K. An empirical model is proposed to calculate the measured ZFC magnetization. The result indicates that the

calculated ZFC magnetization compares well with the measured one. Based on the generalized Preisach model, both

the ZFC and FC curves are reproduced by numerical simulations. The critical temperature and critical exponents are

determined by measuring the ac magnetic susceptibility in different bias magnetic fields at temperatures in the vicinity

of the point of phase transition.
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1. Introduction

From the point of view of potential technologi-
cal applications, the similarity of crystal structure and
lattice constants existing between SrRuO3 and YBCO
high-T superconducting oxides makes SrRuOjs a
promising candidate for the fabrication of Josephson
junctions. In addition, the ‘bad-metal’ conducting
characteristic of SrRuQO3 makes it a suitable material
for the electrodes of devices based on perovskite ox-
ides. The actual nature of the magnetism of SrRuOs3,
usually considered as pure itinerant magnetism, has
not been fully understood yet.['=4] The Curie temper-
ature of SrRuOg falls in a wide range of 120-167K.
The measured saturation magnetic moment of Ru in
SrRuOg3 is 1.1 up, which is much smaller than the cal-
culated value of 2 up for a low-spin Ru** state, while
its effective magnetic moment of 2.60 pp, measured
in the paramagnetic region, is quite close to the ex-

4+ Bl Interestingly, a

pected value of 2.83 up for Ru
highly correlated metal CaRuOgs, which has the same
crystal structure and similar effective Ru moment as
SrRuOj, remains paramagnetic at very low tempera-

ture even down to 1K.5]

Experimentally, STRuQOg3 presents very interesting
zero-field-cooled (ZFC) and field-cooled (FC) mag-
netization curves. Many explanations to these be-
haviours have been suggested in the literature. Joy
et all® calculated the ZFC curve of StRuOs by us-
ing a notation of ‘susceptibility’. Compared with ex-
perimental curves, although the similar shape of ZFC
curves were obtained, a large discrepancy exists in
the magnitude of magnetization for highly anisotropic
compounds such as StRuO3. Kumar et all”l analysed
the ZFC behaviours of Lag5Srg5Co0O3 and SrRuOj3
in low magnetic field, and concluded that the cluster-
glass-like behaviour of Lag 5Srg 5CoO3 originates from
its magnetocrystalline anisotropy. It has also been
reported® that there is a direct correlation between
the shapes of ZFC curves and the domain structure.

In this paper, we focus on the ZFC and FC mag-
netization curves of SrRuOj; recorded in a sequence of
applied fields, as well as its susceptibility measured at

different bias magnetic fields.

2.Experimental details

Polycrystalline StRuO3 samples were synthesized

by a conventional solid-state chemical reaction.?!
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Room temperature x-ray diffraction indicates a pure
orthorhombic distorted perovskite structure with
a=0.554840.0002 nm, b=0.5551+£0.0005 nm and
¢=0.783040.0004 nm. Scanning electron microscopy
(SEM) analyses reveal that the mean diameter of the
crystalline particles is about 1.5 pm. Measurements
of the ac susceptibility (at 2.4kHz in 0.10e rms driv-
ing field) and dc magnetization were carried out in
a Quantum Design Model PPMS 6000 magnetometer
on a 27.6 mg polycrystalline sample of approximate
dimensions 1.0 x 1.0 x 6.2 mm3. The major hystere-
sis loops were measured with the maximum field of
40kOe.

were measured as stated in Ref.[9].

ZFC magnetization and FC magnetization

3. Results and discussion

3.1. Analysis of ZFC magnetization using an

empirical model
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Fig.1. The FC (solid curves) and ZFC (dotted curves)
magnetizations as functions of temperature measured
at applied fields H 4=200, 500, 1000, 3000 and 5000
Oe, bottom to top. (b) The calculated ZFC mag-
netization using an empirical model: H 4=200, 500,
1000, 3000 and 5000 Oe, bottom to top. (c) Numerical
simulations of the FC (solid curves) and ZFC (dotted
curves) data by the Preisach model: H 4=500, 1000,
3000 and 5000 Oe, bottom to top.

Fig.1(a) shows the FC and ZFC magnetizations as

a function of temperature at applied fields H 4=200,
500, 1000, 3000 and 5000 Oe. From the figure, the
following features are noticeable. (1) All Mgc curves
are similar, and decrease monotonically with temper-
ature. (2) Each Mzpc curve shows a peak at a cer-
tain temperature Tp. (3) The Myzpc peak shifts to
low temperature as the applied field increases. (4) At
temperatures higher than the peak temperature Tp,
the Mzpc and Myc curves merge together.

In order to explain the temperature dependence
of ZFC magnetization, Mzrc(T), it is necessary to re-
view the magnetic moment behaviours in ZFC and FC
processes. When the sample is cooled in a non-zero
field (FC), the spin moments are ordered, and almost
parallel to the direction of applied field. Thus non-
zero magnetization is visible even if the field decreases
down to zero. In this case, the Mpc(T') behaviour is
similar to the behaviour of spontaneous magnetiza-

tion, and can easily be explained.
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Fig.2. (a) The major hysteresis loop and initial mag-
netization curve at 5 K. (b) A comparison of the mea-
sured coercivity Hc (discrete points) and the model
coercivity he (curve) from the Preisach numerical sim-

ulations.

When the sample experiences a ZFC process, its
spin moments are totally disordered, showing zero

If a field Ha

is applied to the sample at low temperatures, some

magnetization when the field is zero.

spin moments rotate to the external field direction,
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and the sample shows net magnetization. Usually,
a large applied field (H4) and a large spontaneous
magnetization (or Mpc) produce a large ZFC mag-
netization. But the magnetic anisotropy resists the
moment rotation to the applied field direction. From
the initial magnetization curve (Fig.2(a)), it is obvi-
ous that when the applied field is as large as the co-
ercivity, Mzprc is about half of Mpc. For simplifica-
tion, assuming Mzprc is proportional to applied field
H, and Mpc, but inversely proportional to magnetic

anisotropy or coercivity Hc, we have

szc(T) = Mpc(T) X 2}]7‘4, (HA < ZHc). (1)
c
It is clear that this equation is reasonable when the
calculated Mypc is smaller than the Mpc, i.e. Hy <
2H¢. For the region of Hy > 2H¢, we let Mypc =
Mgc.

Equation (1) shows the relationship between ZFC
and FC magnetizations by virtue of coercivity, and it
can be used to explain the shape and magnitude of
the measured ZFC curves. It predicts that the shape
of the ZFC curve (showing a peak or not) originates
from the temperature dependence of coercivity. Fortu-
nately, different ZFC behaviours have been observed

in various materials,[8:10:11]

and they can all be ex-
plained by virtue of this empirical model.

Measuring the major hysteresis loops at temper-
atures ranging from 5 to 160 K, we obtained the coer-
civity versus temperature curve, as shown in Fig.2(b).
Mzrc can thus be calculated by applying Eq.(1). The
measured and calculated Mypc are similar both in
shape and magnitude (see Figs.1(a) and (b)). Con-
sidering the simplicity of the empirical assumptions,
we can say that they are roughly in agreement. Us-
ing the empirical model, some explanations to the

(1) Accord-
ing to Eq.(1), if the coercivity decreases faster than

Myzrc curves of StTRuO3z can be given.

Myc(T) with increasing temperature, Mzpc(T) in-
When Myzprc reaches the value of Mpc at

a certain temperature, Myzpc and Mpc decrease to-

creases.

gether with a further increase of temperature. Ob-
viously the peak in the ZFC curve originates from
the different temperature dependence of FC magne-
tization and coercivity. (2) The Mypc(T) peak ap-
pears when the coercivity Ho(T') equals H4 /2. For a
higher applied field H4, the Mzrpc(T) peak will ap-
pear at a lower temperature where Ho(T) = Ha/2
is larger; while for a lower applied field H,, the
Mzrc(T) peak will appear at a higher temperature

where Ho(T) = Ha/2 is smaller. This can be em-
ployed to explain why the ZFC peaks shift to lower
temperature with the applied field increasing. (3)
When the applied field is lower, the difference between
ZFC and FC magnetizations is larger at lower temper-
atures. According to Eq.(1), this is because the co-
ercivity is much larger than the applied field at lower
temperatures. This point of view is different from that
of ‘spin glass behaviours’ discussed in the literature.[?

In fact, the dependence of Mzpc on applied field
H,4 at a certain temperature, i.e. Mypc(Ha)|r=T,, iS
the initial magnetization curve at this temperature
(see Fig.2(a)).

ences exist between calculated and measured Mypc,

So it is inevitable that some differ-

especially when the applied field is equal to, or larger
than, the coercivity. Therefore, it is necessary to fur-
ther discuss the behaviours of ZFC and FC magneti-

zations.

3.2. Analysis of ZFC and FC magnetizations
by the Preisach model

The strength of the Preisach model on hys-
teresis(’?l ultimately resides in its unique combina-
tion of physical generality and mathematical simplic-
ity. The model has been described in some detail in
the literature,® and only a brief summary is provided
here. All magnetic systems are represented by a collec-
tion of Barkhausen instabilities, each with moment p,
two energy barriers Wy, a dissipative (coercive) field
he = (W44+W_)/2u, and an asymmetric (interaction)
field h; = (W, — W_)/2u. The Barkhausen spectrum
is described by a temperature-dependent distribution
P(u, he,h;, T). For the particular system investigated

here

P(/"La h67 h’uT) = 5(:“ - ,LLO(T)
i (- uog<hc/ﬁc<T>P}

X——————7 eXp 20_2 (T)

\V2rmh.o. (T)

X#.GX}{_L) @)
V2roi(T) 203(T) )’

with temperature-dependent parameters po(7T) =
“0(1 - T/TC)Fa Ec(t) = Eco[l - (T/TC)FC]v UC(T) =
Oeoll — (T/Tc)'<], and 0;(T) = 0io(1 —T/Tc)Ti. The
temperature dependence of the free energy landscape
is thus defined by the four exponents: I', I'., I'\ and
I';. Thermal fluctuations are represented by a thermal
viscosity field k% = (kpT/po)Ln(texp/T0), Where texp
is the experimental time constant and 7, ! is a micro-
scopic attempt frequency. Standard experimental pro-

tocols, such as ZFC, FC and various isothermal mag-
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netizing sequences, can all be simulated by straight-
forward Preisach constructions. Reversible processes,
such as elastic wall motion and coherent rotation, are
treated by assuming that every Barkhausen element
contributes an identical reversible term of the form
mrev = %[l — exp(—A|H4l)] to the total response,
so that m = mg.t[(1 — f)mprEsacu + fmrev], with
0<f<L

Numerical simulations of the experimental data

based on the generalized Preisach model described

The FC/ZFC sim-

ulations in Fig.1(c) have not been superposed on the

above are presented in Fig.1(c).

experimental data in Fig.1(a) for clarity, and to em-
phasize the systematic structural similarities between
the numerical and experimental data. The fitting pa-
rameters are listed in Table 1. Considering the sim-
plicity of the mathematical assumptions and the broad
spectrum of data, the numerical and experimental re-
sponse functions are remarkably consistent with each

other, as are the two sets of fitting parameters.

Table 1. Preisach fitting parameters by ZFC/FC curves and hysteresis loops.

Parameter po(emu) heo(Oe) o0 oi0(Oe) r
ZFC/FC 2x10715 5200 0.8 104 0.3
loops 2x1071° 5200 0.6 104 0.28-0.32
Parameter I. r! r; A (Oe 1) f
ZFC/FC 5.0 20 0.3 0.208 0.4
loops 4.0 15-20 0.3 0.114-0.182 0.4
Parameter Mgat (emu) Tc(K) In(texp/T0)
FC/ZFC 0.8 158 25
loops 0.8 158 25
The analysis provides a quantitative picture of the  teraction fields o;5 = 104 Oe, and are consequently

spectrum of Barkhausen moments and free energy bar-
riers of STRuO3. (1) The collapse of the coercivity
as the system is warmed through the ordered phase
towards T¢ is almost exclusively intrinsic in origin
and is determined primarily by the exponent I'., with
only a negligible contribution from the thermally ac-
tivated relaxation. Figure 2(b) shows the relationship
between the measured coercivity Hc and the model
coercivity h.. (2) The structural characteristics of the
ZFC branch are almost purely coercive in origin. The
peak in the ZFC moment is a consequence of competi-
tion between the collapse of the coercivity distribution
as T approaches T and that of spontaneous moment.
The shape of the peak on the low-temperature side
is defined by the exponents I, and I, and the loca-
tion of the peak is determined jointly by I, I'. and
to- (3) In contrast, the behaviour of the FC branch
is insensitive to the details of the coercivity distribu-
tion, and is influenced primarily by the characteristics
of the interaction field distribution, i.e. by o;, and I7.
The zero-temperature FC moment mpc(H 4,T = 0) is
determined primarily by the ratio H4/c;, of the ap-
plied field to the dispersion of interaction fields. The
weak field dependence of the FC branch observed in
SrRuOj; for fields H4 > 500 Oe is symptomatic of the
fact that these fields are much larger than typical in-

capable of saturating the FC moment. (4) The pro-
nounced bifurcation of the FC and ZFC branches in
low applied fields is a consequence of two inequalities:
0;0 << Hj,, which ensures that the FC moment is
saturated; and H, << h.y, which ensures that the

induced ZFC response is small.
3.3. The critical behaviour of SrRuO;

Recently, Kats et all'3l obtained the ferromag-
netic phase transition and critical behaviour of a
SrRuOj3 thin film by studying its magnetic resistivity.
The critical exponents and Curie temperature of this
SrRuOj thin film were reported as v = 1.14 4+ 0.07,
B = 0.34 £ 0.02 and T¢=150 K. In this section, we
study the quasi-static magnetic response of sintered
SrRuOj3 in the critical regime and we extract expo-
nent values directly.

Figure 3(a) shows the ac susceptibility measured
in various static biasing fields H 4; the application of
such fields of increasing strength progressively sup-
presses the principal (Hopkinson) maximum evident
in the zero-field response. The temperatures T,, of
these critical maxima shift upwards while their ampli-
tudes decrease as H 4 increases. Of particular impor-
tance in the present investigation is the result that var-

ious critical exponents can be deduced directly from
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the maxima evident in Fig.3(a); in contrast, estimates
for the exponents v (from the magnetization above
Tc) and 8 (from the spontaneous magnetization below
Tc) frequently involve extrapolation to zero field (to
avoid the complications associated with regular contri-
butions to the low field response). The approach advo-
cated here avoids such extrapolations, as the following
argument demonstrates. The scaling law equation of
state (written in terms of the conventional linear scal-
ing fields h ~ Hi/T¢ and t = [T — T¢|/Tc) expresses
the magnetization (m) and susceptibility () in the
vicinity of the ferromagnetic ordering temperature T

as[14}
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Fig.3. (a) The ac susceptibility as a function of tem-
perature measured in dc biasing fields of 100, 125, 150,
175, 200, 250, 300, 400, 500 and 600 Oe, top to bot-
tom. The dashed line denotes the cross-over line. (b)
The ac susceptibility versus temperature at lower dc
bias fields, which shows the Hopkinson peaks: from
top to bottom, H4=0, 25, 50, 75, 100, 125, 150, and
175 Oe.

om _ h
x(h,t) = T t 7G<t7+ﬁ>’ (3)

where G is the derivative (with respect to its argu-
ment) of the scaling function F'. Assuming the Widom
equality v = 8(d — 1) to be valid, this enables the sus-

ceptibility to be rewritten as

o) =0 (). (@

where H(X) = X"/(+AG(X). If these (unknown)
scaling functions H(X), G(X) or F(X) are universal

functions of their argument, then any feature in H(X)
will occur at the same value for the variable X. Denot-
ing the reduced temperature of the maxima evident in
this figure by t,, = (T,, — Tc)/Tc, this analysis leads
directly to

£, o Hil/(‘v+ﬁ)’ (5)

and as the argument X of these scaling functions (H,
G or F) is a constant (X = C) at such maxima, so

are the functions themselves. From Egs.(3) and (4),
X(hytm) <t (6)

X(hytm) o RO, (7)

Equations (5), (6) and (7) enable v 4+ 3, v and § to
be estimated directly from such data, as the following
shows. From Eq.(5), plots of the critical peak temper-
atures T, against Hil/(w_ﬁ) should be linear with the
intercept yielding T¢. Such plots have been made for
a variety of exponent values, with the best fit obtained
with v+ 3 values close to those predicted by the mean-
field model (v + 8 = 1.5), yielding T = 159.7+0.2 K.
Figure 4(a) confirms both this exponent and T¢ esti-
mates; here the reduced peak temperatures, t,,, are
plotted against the internal field, H;, on a double log-
arithmic scale. The straight line drawn confirms the
power-law prediction, Eq.(5), with mean-field model
exponents, which yields v 4+ 8 = 1.50 4+ 0.05.
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Fig.4. (a) The reduced peak temperature, t,,, versus
the internal field, H;, on a double logarithmic plot. (b)
The magnetic susceptibility maxima, Xxm, as a func-
tion of the internal field, H;, measured along the criti-

cal isotherm and plotted on a double logarithmic plot.

Having identified T, the exponent § is found di-
rectly from the field dependence of the susceptibil-
ity measured along the critical isotherm, as shown in
Fig.4(b). By using Eq.(7), these data yield § = 2.50 +
0.15, marginally lower than the mean-field model value
of 3. But the plot of magnetization versus magnetic
field at T = T¢ (Fig.5(a)) yields 6 = 3.17 + 0.20,
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which is much closer to the mean-field model value.
The exponent v is found from the data summarized
in Fig.3(a) utilizing Eq.(6). Figure 5(b) shows the sus-
ceptibility maxima plotted against the reduced peak
temperature, t,,, on a double logarithmic scale. These
data confirm the power-law prediction, i.e. Eq.(6), and
yield v = 0.96+0.05, in agreement with the mean-field

model value of 1, within experimental uncertainty.
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Fig.5. (a) Magnetization as a function of magnetic
field at Curie temperature plotted on a double loga-
rithmic plot. (b) The susceptibility maxima xm versus
the reduced peak temperature, t,,, on a double loga-

rithmic plot.

From data contained in Figs.4 and 5, it is con-
cluded that the sintered SrRuOj3 exhibits static mag-
netic critical exponents consistent with those pre-
dicted by the mean-field model. This contrasts with
the conclusions reached from recent detailed mea-
surements on perovskite La0,95Mg0.05MnO3,[15] whose
critical exponents are in agreement with those pre-
dicted by the three-dimensional Heisenberg model.
Thus, the possibility is raised that these two types
of systems, respectively, may belong to different uni-
versality classes. Further theoretical work is necessary

to clarify the origin of such differences.
3.4. Is SrRuOj; spin glass?

Reich et all? recently reported that SrRuOs
shows spin glass behaviour. Some supporting points
are as follows. (1) The curve of ac susceptibility versus
temperature exhibits a sharp peak with a maximum
at 167.6 K, and this maximum shifts to higher tem-
peratures with an increase of the magnetic field. This
peak is not a Hopkinson peak, but characteristic of
a critical peak. (2) The ac measurements have been
performed at three different frequencies, and a shift
of the peak with frequency to higher temperature was
observed. This trend was considered as characteristic

to spin glasses. (3) A large difference between ZFC

and FC magnetizations at lower fields was observed,
and a cusp in ZFC curve was exhibited; this is again

characteristic of spin glasses.
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kinson peak at lower temperature and critical peak at

(a) Double peaks of the susceptibility, Hop-

higher temperature: from top to bottom, H4=150,
200, 300 400, 500 and 600 Oe. (b) The zero-field sus-
ceptibility measured at different frequencies: from top
to bottom, f=200, 1000, 2000, 4000 and 8000 Hz.

Some measured results below are different from
the above points; others are similar to them, but dif-
ferent views are given as the following shows. Fig-
ure 3(b) shows the susceptibility versus temperature
at lower bias dc fields. These peaks shift to lower tem-
perature as the bias field increases, which is a charac-
teristic of the Hopkinson peak, not that of the critical
peak.['4 As the field increases further, the peak splits
One peak still

shifts to lower temperature, which is the Hopkinson

into two peaks, as shown in Fig.6(a).

peak. The other shifts to higher temperature, which is
the critical peak (also shown in Fig.3(a)). Figure 6(b)
shows zero-field susceptibility measured at different
frequencies. The peak value decreases with the in-
crease of frequency, but it does not shift to higher
The large differ-

ence between ZFC and FC magnetizations at lower

temperature as reported in Ref.[2].

field (Fig.1(a)) has been discussed in the preceding
sections; this is not the behaviour of spin glass. None
of the observed results show any characteristics of spin

glasses.
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4.Conclusion

The ZFC and FC magnetization curves have been
measured in a sequence of applied fields. Each ZFC
curve peaks at a certain temperature Tp, and the
peaks shift to lower temperature as the applied field
increases. There is a pronounced bifurcation of the
FC and ZFC curves at lower temperatures, while the
Myzrc and Mpc curves merge together when the tem-
perature is higher than the peak temperature Tp. An
empirical model has been proposed to analyse the ZFC
behaviours, and the results indicate that the different
ZFC behaviours originate from the different tempera-

ture dependences of FC magnetization and coercivity.

The ZFC and FC data have also been analysed

within the framework of a generalized version of the

Preisach model which combines thermal fluctuations
with the growth of the free energy barriers. The nu-
merical simulations replicate all of the principal struc-
tural systematics of the data, and yield details of the
spectrum of Barkhausen instabilities in this material.

The critical temperature and critical exponents
have been determined from the ac susceptibility mea-
surements. These exponent values are very close to
those predicted by the mean-field model. Our experi-
mental results on STRuO3 do not show any spin glass

behaviours reported previously.
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