PRL 101, 077206 (2008)

PHYSICAL REVIEW LETTERS

week ending
15 AUGUST 2008

Critical Behavior of the Ferromagnetic Perovskite BaRuO;

J.-S. Zhou,"** K. Matsubayashi,' Y. Uwatoko,' C.-Q. Jin,? J.-G. Cheng,? J. B. Goodenough,” Q. Q. Liu,® T. Katsura,*
A. Shatskiy,* and E. Ito*
Unstitute for Solid State Physics, University of Tokyo, Kashiwa, Japan
2Texas Materials Institute, University of Texas at Austin, Austin, Texas 78712, USA
3Institute of Physics, Chinese Academy of Science, Beijing 100080, China

*Institute for Study of the Earth’s Interior, Okayama University, Tottori-ken, Japan
(Received 26 March 2008; published 15 August 2008)

A thorough study has been made of the physical properties under high pressure of the perovskite
BaRuOj; synthesized under pressure; it includes the critical behavior in the vicinity of 7. to 1 GPa and the
temperature dependences of resistivity and ac magnetic susceptibility up to 8 GPa. The ferromagnetism in
BaRuOs is suppressed at 8§ GPa. Critical fluctuations in the vicinity of 7. have been found in BaRuO; and
they are enhanced under pressure. These observations are in sharp contrast to STRuO; where mean-field

behavior is found at 7.
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In a very weak itinerant-electron ferromagnetic
(VWIEF) system where the exchange energy separates
energies of « spin and 8 spin slightly, the single-particle
excitations can be expanded versus temperature over the
temperature range T/T << 1, where T is the Fermi tem-
perature. This is the basis for Wohlfarth [1] to derive the
relationship

M(H, T)* = M(0,0*[1 — (T/T.)* + 2xoH/M(H, T)],

which gives parallel lines of the isothermal M? versus
H/M within T =T, =+ §, ie., the Arrott plot. The
VWIEF ZrZn, is a prototype in this mean-field universality
class [2]. However, most metallic ferromagnets covering a
broad range of systems such as Ni [3], CrO, [4],
Sr,FeMoOg [5], and La;_,A . MnO5 (A = Ca, Sr, Ba) [6—
8] show significant critical fluctuations as T is approached
from T, and T.". In comparison with ZrZn,, the observa-
tion of a mean-field behavior near the ferromagnetic tran-
sition temperature in the metallic perovskite StTRuO; [9] is
highly unusual since the saturation magnetization at the
lowest temperature, although it remains below the spin-
only value, is clearly beyond the criterion of “very weak
magnetization.” Therefore, the mean-field universality
class and the ferromagnetism itself found in StTRuO; may
not be rationalized through the procedure that Wohlfarth
has used to treat the VWIEF system. The effects of chemi-
cal substitution, stress, and hydrostatic pressure may pro-
vide some important clue for understanding the peculiar
critical behavior of SrRuQOj;. By studying a thin-film sam-
ple of SrRuO;, Klein er al. [10] have shown that the
epitaxial stress not only lowers 7, by about 10 K but also
introduces a totally different universality class of critical
fluctuations. Ca doping in the perovskites Sr;_,Ca, RuQO;,
however, creates more problems than it helps to solve. Ca
substitution suppresses the ferromagnetic state [11]. The
complicated isothermal magnetization, perhaps due to
variance effects of different electronegativity and ionic
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size between Ca’* and Sr’*, make an analysis of the
critical behavior in perovskites Sr;_,Ca ,RuO; difficult, if
not impossible. As for the end member CaRuQ3;, it no
longer shows any magnetic ordering. The success of syn-
thesizing under high pressure ferromagnetic, cubic
BaRuO; with 7. = 60 K brings a new opportunity to
reveal the effects of crystal structure and of electronega-
tivity of the A-site ion on the critical behavior. Moreover,
we have carried out isothermal M(H) measurements under
high pressure in order to find the evolution as a function of
pressure of the critical behavior of the perovskite BaRuOs;.

Details of high-pressure synthesis and characterizations
of the perovskite BaRuO; can be found in a previous
publication [12]. The measurements of isothermal magne-
tization were carried out in a SQUID magnetometer
(Quantum Design). The correction for demagnetization
was found to have a negligible influence in determining
the final critical exponents. We have dropped this correc-
tion in analyzing the isothermal M(H) under pressure since
detecting the low-field response from the sample is impos-
sible due to the contribution from the pressure cell. The
isothermal M(H) under pressure were measured with a
miniature Cu-Be cell fitting the SQUID magnetometer. A
piece of Pb as the pressure manometer, the sample, and a
mixture of 3M Florinert FC77 + FC70 as the pressure
medium were sealed in a Teflon capsule. Measurements
of the dc resistivity and the ac magnetic susceptibility
under pressure to 8 GPa were carried out with a cubic anvil
apparatus [13]; the sample assembly is similar to that used
in the Cu-Be cell. The pressure inside the high-pressure
chamber was determined by a calibrated curve of pressure
versus loading.

As seen in Fig. 1(a), the plot of M? versus H/M of the
perovskite BaRuO; at ambient pressure does not give
parallel linear lines as expected by mean-field behavior.
Instead, a modified Arrott plot of the Heisenberg model
gives nearly linear parallel lines for temperatures near 7. at
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FIG. 1 (color online). (a) The Arrott plot of M(H) of BaRuOs;
(b) the modified Arrott plot M(H) with critical parameters of a
Heisenberg model; the dashed lines are the curve fitting with
polynomial at high magnetic field; (c) temperature dependences
of M, and X()fl with power-law fittings; (d) a scaling plot of the
M(H) obtained at 38 K = T = 90 K with the y and B obtained
from the power-law fitting in (c).

which the plot M'/8 versus (H/M)"" goes through the
origin as shown in Fig. 1(b). The fitting M'/8 versus
(H/M)'7 with a polynomial at high fields gives M, or
Xo for each temperature below and above 7., which is
plotted in Fig. 1(c). T,; and T,._ obtained from a power-
law fitting of M, vs T and y, ' vs T are nearly identical.
The scaling plot of Fig. 1(d) obtained by using the fitting
parameters from Fig. 1(c) verifies the critical behavior
over, at least, the temperature range measured. This feature
together with nearly linear lines in the modified Arrott plot
indicate that the critical behavior analysis is reliable. Three
critical components 8 = 0.348 and y = 1.41 from Fig. 1
(¢) and a = 0.11 from dp(T)/dT [12] fulfill a scaling law
v + 28 + a = 2, which applies generally to fluctuation-
dominated transitions. Therefore, it is clear that there is a
sharp difference between perovskites StTRuO; and BaRuO;
in terms of their critical behavior. The symmetry change
from the orthorhombic to the cubic phase alone may not be
sufficient to explain a 7, reduction from 160 to 60 K and
the dramatic change of the critical behavior. To understand
what is responsible for these fundamental changes between
these two perovskite ruthenates, we have carried out mea-
surements of magnetic and transport properties under pres-
sure. Figure 2(a) shows a typical modified Arrott plot of the
perovskite BaRuO; under pressure. Critical components as
obtained from M, vs T and x, ' vs T in Fig. 2(b) are
plotted as a function of pressure in Fig. 2(c). High pressure
which reduces the Ru-O bond length within the cubic
symmetry, does not change the critical behavior of the
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FIG. 2 (color online). (a) The modified Arrott plot of M(H) of
BaRuO; under P = 0.47 GPa; (b) temperature dependences of
M, and Xo_l from the curve fitting in (a); (c) pressure depen-
dences of the critical transition temperature 7, and critical

c

parameters y and B obtained from the power-law fitting in
(b) under different pressures.

perovskite BaRuO; back to the mean-field universality
class; instead, it enhances critical fluctuations at 7 > T,
by increasing y of Fig. 2(c) and leaves no clear sign how
the B parameter changes within the accuracy provided in
our experiment. The effect of nonhydrostatic stress on the
critical behavior should be negligible since the highest
pressure used is below the solidification pressure P =~
0.9 GPa of 3M Florinert.

In the same way [9] as in SrRuQO;, p(T) of BaRuO;
shows an anomaly at T, see Fig. 3(a). As monitored by the
anomaly of dp/dT versus T in Fig. 3(b), T, reduces under
pressure at lower pressures, which is consistent with the
result of the critical behavior analysis in Fig. 2(c). It is
interesting that 7. of BaRuO; drops dramatically at low
pressures; it saturates at P > 3 GPa and the magnitude of
the anomaly of dp/dT at T, collapses as pressure in-
creases. In contrast, a constant dT./dP = —7 K/GPa
and no sign of T, saturation has been obtained in the
bulk sample SrRuO; [14,15]. These two features of
BaRuO; are characteristic of a two-phase coexistence.
We have confirmed the collapse of the ferromagnetism
by a measurement of ac magnetic susceptibility under
pressure in Fig. 3(c). The signal at T, reduces dramatically
with pressure, it falls to the background at 8 GPa. The
small hump of y at 12 K under 8 GPa is due to the magnetic
contribution from the WC anvils since it is also shown in
the measurements under lower pressures. This signal is
enhanced under pressure since anvils move closer to the
coils. The perovskite BaRuOj is terminated by the emer-
gence of a two-phase region consisting of the ferromag-
netic phase and a paramagnetic metallic phase under high
pressure, which shows that the transition to a paramagnetic
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FIG. 3 (color online). (a) Temperature dependence of resistiv-
ity of BaRuO; under different pressures from ambient pressure
to 8 GPa; (b) temperature dependence of the derivative dR/dT at
pressures corresponding to that in (a); the dashed line is a guide
to eye to track the peak position; (c) temperature dependence of
ac magnetic susceptibility under three pressures; a primary-
secondary method with H = 704 Hz and a lock-in amplifier
SR 830 were used in this measurement.

metallic phase is first order. This important observation
distinguishes clearly the ferromagnetic phase of the perov-
skite BaRuOj; from the VWIEF ZrZn,, for instance, which
remains a single phase while 7, is suppressed under pres-
sure [16,17]. Moreover, the pressure dependence of T, of
the cubic BaRuOj in Fig. 4 does not follow the prediction
of T.(P) = T.(0)(1 — P/P,)"> from a model of VWIEF
[18]. Although the difference between the ferromagnetic
BaRuO; and the VWIEF ZrZn, is distinct, the two per-
ovskites BaRuO; and SrRuOj; share several common char-
acteristics such as a similar structure, similar . in the
paramagnetic phase, and a higher saturation moment at low
temperature. 7, in the bulk sample SrTRuOj;, however, does
not saturate and no two-phase region has been observed at
the highest pressure so far. SrRuO; appears to have a
narrower bandwidth than that of BaRuOj;, so it stays
away from the transition to a paramagnetic metallic phase.
The question is whether this difference is enough to ac-
count for a dramatic change of critical behavior between
them.

The ferromagnetic phase in the perovskite BaRuO;
terminates under pressure at a temperature that is signifi-
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FIG. 4 (color online). Pressure dependences of 7. and expo-
nent n in the Ap = T" of BaRuOj. Points of 7. and n marked
with solid symbols were obtained in a piston-cylinder setup;
those with open symbols were obtained in the cubic anvil
setup in which a stable seal is established at P = 2 GPa. The
two-phase region is marked by a dashed line in the curve of T,
versus P.

cantly higher than the lowest 7. of ZrZn, under pressure.
ZrZn, exhibits quantum critical behavior in the vicinity
where T, vanishes under pressure [19]. One of character-
istics for a phase with quantum critical fluctuations is to
show the power law p = py + T" (n < 2) at low tempera-
tures where a charge or spin ordered phase is suppressed
[20], which has been observed in many systems, for ex-
ample, CeCu,Si, [21], URu,Si, [22], SmB¢ [23], MnSi
[24], and PrNiO; [25]. A power-law analysis on the p(T) of
BaRuO; was made and fitting results are shown in Fig. 5.
The exponent 7 as a function of pressure in Fig. 4 shows an
interesting evolution from n = 1.85, which is close to n =
2 for the Fermi-liquid (FL) phase at ambient pressure, to
n = 1.4 of a non-Fermi-liquid (NFL) phase at a pressure
where the ferromagnetic phase collapses. In contrast, a
Fermi-liquid phase has been reported for SrRuO; [26].
This observation indicates that quantum critical fluctua-
tions dominate at low temperatures not only near the
vicinity where the ferromagnetic phase collapses but also
over a broad pressure range in BaRuOs; the influence can
also be seen even at ambient pressure. Although the effect
of quantum critical fluctuations may become negligible at a
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FIG. 5 (color online). The plot of Ap = p — p, versus T" of
BaRuOj; under (a) ambient pressure and (b) 8 GPa.
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temperature as high as 7, for this compound, thermody-
namically driven phase fluctuations between the ferromag-
netic phase and a paramagnetic phase, which is clearly
seen at high pressures, could influence the critical behavior
for the magnetic transition.

In comparison with the orthorhombic SrRuOj;, the
bandwidth broadens significantly in the cubic BaRuO;
due to a 180° Ru-O-Ru bond angle and the large differ-
ence of electronegativity between Sr’* and Ba?", which
may contribute to a reduced saturation magnetic moment
0.8ug/Ru from 1.4upz/Ru in SrRuO; and a dramatic
reduction of 7. observed in the cubic BaRuO; in accor-
dance with a general argument of itinerant-electron ferro-
magnetism [1]. However, these factors should make the
magnetic transition of BaRuO; closer to the mean-field
universality class than StRuOj; in the context of a model of
VWIEF. We are forced to look for an alternative explana-
tion for critical fluctuations observed in BaRuO;. Critical
fluctuations are confined within a temperature range deter-
mined by the Ginzburg criterion 7 = (T — T,)/T, ~
ACT2£;°, where AC is the specific heat discontinuity at
T, and & is the coherence length at zero temperature. The
critical scattering at T, causes an anomaly in p(T) as seen
more clearly in the curve of dp/dT versus T in Fig. 3(b).
The anomaly of dp/dT versus T resembles the profile of
C, vs T at T, as predicted by Fisher and Langer [27]. A
similar behavior occurs in both perovskites SrRuO; and
BaRuOj. Therefore, we can have an estimation of the ¢4
change between them by comparing the A/(dp/dT) at T,
where A is the discontinuity of dp/dT at T,: A/dp/dT =
0.7 in SrRuO; [9] and =0.2 in BaRuO;. This comparison
indicates that critical fluctuations in BaRuO; should be
present in a scaling temperature range that is about 1 order
of magnitude higher than that of SrRuO;. Also, ?#; is
expected to increase under pressure since the magnitude
of the anomaly in dp(T)/dT reduces dramatically as pres-
sure increases, as can be seen in Fig. 3(b). This comparison
and the pressure dependence are consistent with the sig-
nificantly enhanced critical fluctuations observed in the
perovskite BaRuO; at ambient pressure and under high
pressure.

Although we cannot borrow the same mathematics used
in the VWIEF system to justify the isothermal M? vs H/M
observed in the perovskite SrRuO;, a general argument
[28] how the mean-field model breaks down offers an
important guide to this problem. The larger the number
of spins that interact with a test spin, the more the test spin
sees an effective average or mean field. The fluctuations
are large and important for a test spin with a reduced
number of neighboring spins. Whereas SrRuO; and
BaRuO; share a similar number of near-neighbor Ru
atoms, the fraction of Ru atoms carrying a spin is appar-
ently reduced as the transition to Pauli paramagnetism is
approached in BaRuOj;. A fast probe such as neutron
inelastic scattering or NMR [29] could be useful to verify
this key difference between StRuO; and BaRuO;.

In conclusion, two perovskites SrRuO; and BaRuOj
share some common characteristics in both their paramag-
netic and ferromagnetic phases, but they are sharply differ-
ent in terms of critical behavior at the ferromagnetic
transition. The transition in SrRuQO; falls into the mean-
field universality class whereas BaRuOj; exhibits signifi-
cant critical fluctuations as described by the 3D Heisenberg
model. Moreover, its critical fluctuations are enhanced
under pressure. The ferromagnetic phase in BaRuO; col-
lapses under high pressure in a first-order transition to a
paramagnetic phase. A non-Fermi-liquid behavior due to
quantum critical fluctuations has been found at low tem-
peratures in BaRuO; under a broad range of pressure.
Severe fluctuations in the fraction of Ru that carry a spin
on transitioning with pressure to a paramagnetic phase in
BaRuO; destroy the uniform ferromagnetic coupling,
which enhances the critical fluctuations at the magnetic
transition in BaRuO;.
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