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Phase diagram of the electronic states of trilayered ruthenate Sr;Ru;0,,
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Trilayered ruthenate SryRu30;, exhibits an interesting itinerant metamagnetic transition for magnetic fields
applied along in-plane directions. Our earlier work has revealed that this metamagnetic transition occurs via a
phase separation process with magnetic domain formation [Z. Q. Mao et al., Phys. Rev. Lett. 96, 077205
(2006)]. We recently performed systematic investigations on its magnetotransport properties and constructed a
magnetic field-temperature (H-T) phase diagram. In the phase separated regime of the phase diagram, due to
domain boundary scattering, the resistivity is increased and shows nonmetallic temperature dependence, while
outside the phase separation regime, the system shows Fermi-liquid ground-state properties, i.e., p<72. The
Fermi-liquid temperature is strongly suppressed near the metamagnetic transition. The transport properties in
the mixed phase region are sensitive to the disorders, and the magnetoresistivity steps in this region are found
to be suppressed by increasing the level of disorders. In addition, we discussed the possible mechanism of the

metamagnetic transition of this material.
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I. INTRODUCTION

Ruddlesden-Popper (RP) series strontium ruthenates
St,,.1Ru, 05, exhibit a rich variety of fascinating ground-
state properties, such as spin-triplet superconductivity in
Sr,Ru0, (n=1),' metamagnetic quantum criticality in
Sr;Ru,0; (n=2),*° and itinerant ferromagnetism in SrRuO;
(n=%).78 Studies on these diverse ground-state properties
advance our understanding of the physics of strongly corre-
lated electron systems. SryRu;0;, the material studied in
this paper, is the n=3 member of the RP series with triple
layers of corner shared RuO4 octahedra in its unit cell. Pre-
vious magnetization measurements and structure studies sug-
gested that this material is a structurally distorted ferromag-
net with a Curie temperature T-=105 K.>!° which has
recently been confirmed by a neutron scattering
experiment.!! This material exhibits complex magnetic be-
haviors under magnetic fields.”!? For magnetic fields applied
along the c axis, it exhibits characteristics consistent with a
typical ferromagnet. However, for fields applied along the
in-plane direction, the ferromagnetic transition is followed
by an additional magnetic transition at 50 K and the mag-
netic susceptibility shows a pronounced peak at this tempera-
ture. Below this temperature, a field sweep of magnetization
shows a superlinear increase at a characteristic field (about
2 T for T=2 K), which can empirically be defined as a meta-
magnetic transition.>!® This metamagnetic transition is
strongly first order, exhibiting significant hysteresis upon
downward field sweeps.

The metamagnetic transition in SryRu;O;, exhibits in-
triguing features: (1) This transition occurs via a phase-
separation process with magnetic domain formation, which
results in ultrasharp magnetoresistivity steps.!? (2)The tran-
sition is accompanied by a significant change in the B, pho-
non frequency (which is associated with internal vibrations
of the RuOg octahedra), demonstrating a distinct structural
contribution to the metamagnetic transition.!> (3) As the
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magnetic field rotates away from the ab plane, the transition
bifurcates into two transitions.'* One transition occurs below
1 T and corresponds to the ferromagnetic response, while the
other transition, corresponding to the metamagnetic re-
sponse, shifts to a higher field. Such a coexistence of ferro-
magnetic and metamagnetic behaviors implies a multiple-
band effect.'* All of these features suggest that Sr,Ru;0 is
a good candidate for the study of physics associated with
metamagnetic behavior, electronic inhomogeneity, orbital de-
pendence of magnetism, and spin-lattice coupling. In this
paper, we report a magnetic field—temperature (H-T) phase
diagram of the electronic state of SryRu;0;y, which is con-
structed from systematic electronic transport property mea-
surements.

II. EXPERIMENT

Our crystals were grown by floating-zone technique.'’
Crystals selected for the measurements were well character-
ized by x-ray diffraction and were found to be pure
Sr,Ru30,4. Our measurements were carried out with a physi-
cal property measurement system (PPMS, Quantum Design)
and a He? cryostat with a base temperature of 0.3 K, using a
standard four-probe technique. The transport data presented
in Figs. 1-3 were obtained from a crystal with residual re-
sistivity of py=6.2 u{) cm, which was used previously.'?

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of in-plane
resistivity p,,(7) under various magnetic fields applied par-
allel to the ab plane for an upward field sweep. p,;,(T) shows
a sharp change across the metamagnetic transition. At fields
below the transition, p,,(T) exhibits 7> dependence, a typical
behavior of a Fermi-liquid ground state [see Fig. 1(a) inset].
For fields above the transition, we also observe T° depen-
dence in p,,,(T), but it occurs only in a very low temperature
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FIG. 1. In-plane resistivity p,, as a function of temperature un-
der various applied magnetic fields for an upward field sweep (a)
below the metamagnetic transition and (b) within and above the
transition. Inset (a): 72 dependence of the in-plane resistivity below
the transition. Inset (b): Fermi-liquid temperature 7 (right) and the
coefficient of the temperature-dependent term A in resistivity (left)
as a function of applied field H),;,, extracted from fitting the experi-
mental data to p=py+AT>.

range: p,,(T) =T for higher temperatures.'> However, for
fields close to the transition, p,,(7) no longer shows the 7°
behavior [see the dashed curves in Fig. 1(b)], instead a non-
metallic behavior develops in the low-temperature region
near the middle of the transition. This nonmetallic behavior
becomes much more remarkable when temperature is below
2 K (see our previously reported data'?). Another striking
feature seen in the transition range is that p,, at given tem-
peratures remains approximately constant as the field in-
creases for 7> 15 K, but shows a divergent behavior for T’
<15 K. This behavior is in sharp contrast to the observation
for the fields above the transition, where p,, tends to con-
verge at lower temperatures.

We fitted the resistivity data to the formula p=py+AT?> for
the fields outside the transition region to derive the coeffi-
cient A of the temperature-dependent term of resistivity and
the Fermi-liquid temperature T, below which p,,(T) follows
a quadratic temperature dependence. The inset of Fig. 1(b)
shows the dependence of A and T on the applied magnetic
field. Consistent with the metamagnetic behavior seen in the
related material Sr;Ru,05,* when the applied magnetic field
approaches the metamagnetic transition field, 7 is sup-

PHYSICAL REVIEW B 75, 094429 (2007)

SrARu3O10
20
z b
g 40K
g M
& //&
8 _///X&
QU lo_l/L
ol 6K |
8 4K 1
71 ]
6 | Hyjab . 18K 4
0 1 2 3 4

uH(T)

FIG. 2. Magnetic field dependences of the in-plane resistivity
pap at various temperatures. Temperatures are 1.8, 4, 6, 8, 10, 12,
14, 16, 18, 20, 24, 40, 50, and 55 K. Data have been shifted for
clarity. B, is defined as the upper critical field of the transition for
an upward field sweep, above which the magnetoresistivity is satu-
rated and the hysteresis starts below B, in a downward field
sweep. B," is defined as the lower critical field of the transition for
a downward field sweep, below which the hysteres is terminates.

pressed and A tends to increase,?” suggesting the presence of
metamagnetic quantum critical fluctuations. Nevertheless,
these fluctuations should be much weaker than those seen in
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FIG. 3. (Color online) Contour plot of in-plane resistivity as a
function of magnetic field (Il ab plane, upward sweep) and tempera-
ture. LP, lowly polarized phase; FFM, forced ferromagnetic phase;
MIX, mixed phase [the area enclosed by the dotted lines B (T) and
Beo(T)']; B,o, the upper critical field of the metamagnetic transition
for an upward field sweep; BC2', the lower critical field of the
transition for a downward field sweep; and Tp, Fermi-liquid tem-
perature. For B and Bg,’ the square-shaped symbols are data
points and the dotted lines are visual guides. Left inset illustrates
ferromagnetic domains in the uniform LP phase; right inset shows
the coexistence of the ferromagnetic domains of the LP phase and
FFM domains (marked by black arrows). The ferromagnetic do-
mains are intrinsically different from the FFM domains (see the
text).
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Sr;Ru,0,.'2 For magnetic fields within the metamagnetic
transition range where the resistivity data could not be fitted
with p=p,+AT? [the shadowed region in the inset of Fig.
1(b)], SrsRu;0,, exhibits different properties from
Sr;Ru,05. In Sr;Ru,0; quantum fluctuations dominate the
transport properties in the transition region, which gives rise
to a non-Fermi-liquid behavior, i.e., a linear temperature de-
pendence in p(T), while in SryRu;0,, the metamagnetic tran-
sition occurs via a phase-separation process with magnetic
domain formation, and the domain boundary scattering re-
sults in the presence of the nonmetallic behavior in
resistivity.!? It is worth pointing out that recent experiments
on ultrapure crystals of Sr;Ru,0; reveal a different phase
below 1 K, in close proximity to the metamagnetic quantum
critical end point, and that this phase exhibits a weak non-
metallic temperature dependence in resistivity. Although
this behavior appears to be similar to our observation in
Sr,Ru30yy, its origin might be different, possibly due to a
spin-dependent symmetry-breaking Fermi-surface distortion.

Figure 2 shows the magnetic-field dependences of the in-
plane resistivity p,,(H) at various temperatures. Consistent
with the previously reported data,'” the metamagnetic transi-
tion shifts to a lower field as the temperature increases and it
disappears at about 50 K. As indicated above, the metamag-
netic transition in SryRu3;0,, exhibits a marked hysteresis
upon a downward field sweep. This hysteresis is also
strongly temperature dependent; it weakens dramatically
with increasing temperature and becomes unobservable as
the temperatures reach about 25 K. Interestingly, when the
temperature is above 50 K, the downward field sweep leads
to a small hysteresis at low field. Apparently, this hysteresis
is a generic behavior of ferromagnets, which is intrinsically
different from the metamagnetic hysteresis seen below 25 K.
More discussions for this will be given below.

Figure 3 shows the magnetic field-temperature (H-T)
phase diagram of SryRu;0,,, which is constructed according
to a contour plot of in-plane resistivity as a function of tem-
perature and magnetic field measured in an upward field
sweep. The metamagnetic transition field is marked by the
dotted lines B¢, and B," in the diagram. B, represents the
upper critical field determined from the upward field sweeps
of resistivity; it is defined as the field above which the mag-
netoresistivity saturates. To identify the phase separation re-
gion in the diagram, we also added the lower critical field
B, measured in the downward field sweeps of resistivity to
Fig. 3. The definitions of B¢, and B," are shown in Fig. 2.
The Fermi-liquid temperatures 7 shown in the inset of Fig.
1 are also included in this diagram. As seen in Fig. 3, B¢,
overlaps with B, for temperatures above 25 K. The regime
between B¢, and B, for T<<25 K marks the field range
where hysteresis occurs. In our earlier paper,'> we reported
that the magnetoresistivity exhibits ultrasharp steps in this
field range for a downward field sweep. Our analysis given
there indicated that these magnetoresistivity steps originate
from a phase-separation process with magnetic domain for-
mation. While the magnetoresistivity steps occur only below
1 K as shown in Fig. 4, the hysteresis between B¢, and B,
below 25 K should all be associated with the magnetic do-
main formation and motion as discussed below. Therefore,
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FIG. 4. Downward field sweep of in-plane resistivity p,, for
H,,;, for samples with different residual resistivities p,. Also shown
is the temperature dependence of the number of steps for the p,
=6.2 ) cm sample. Data have been shifted for clarity.

we define the area between B¢, and B," in the phase dia-
gram as the phase-separated regime. Here we use the same
notations as used in our earlier paper'? to describe the phases
outside the metamagnetic transition region: the phase below
B,' is denoted by LP (the lowly polarized phase) and the
phase above B, is denoted by FFM (the forced ferromag-
netic phase). Thus the area between Br, and B," can be
represented by the mixture of LP and FFM phases. In an
upward field sweep, the metamagnetic transition occurs
through the formation of FFM domains, while in a down-
ward, field sweep, the transition occurs via the formation of
LP domains (see the schematic in Fig. 4 of our early
paper'?).

The mixed phase is dramatically different from the uni-
form LP phase below B," or the FFM phase above B, in
transport properties. As seen in Fig. 3, the contour line mini-
mum occurring in the phase-separated region indicates that
the mixed phase has increased resistivity. The phase-
separated region can further be split into two subregions
(separated by the vertical red dashed line at 1.6 T). The left
subregion shows a quadratic temperature dependence in re-
sistivity as the uniform LP phase, but the Fermi-liquid tem-
perature T in this region is strongly suppressed in compari-
son with the uniform LP phase. This observation suggests
that although FFM domains form in this region, the number
of domains, as well as the domain size, is not substantially
large and the domain-boundary scattering does not make
critical contribution to the transport properties. However, for
the right subregion marked by red dashed lines, the resistiv-
ity no longer shows quadratic temperature dependence and
nonmetallic behavior develops in the low-temperature region
for the fields close to 1.8 T.'? The red circles in this region
represent the temperatures where dp(T)/dT shows a sharp
change. The variation of this characteristic temperature with
the field coincides well with the phase boundary of B (T),
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which is determined from the field sweep of resistivity. As
we discussed previously,'? both the increased resistivity and
the nonmetallic behavior observed in this region can be as-
cribed to the domain-boundary scattering. The low-
temperature divergent behavior in p,, for 1.75 T<u,H
< 2.5 T mentioned above [see Fig. 1(b)] is clearly due to the
same origin, while the low-temperature convergent behavior
of p,, for uoH>2.5 T is due to the formation of precolative
network of FFM phase, which has lower resistivity and
dominates the transport properties.!?

The transport properties in the mixed phase region are
very sensitive to the disorders in the sample; this can be seen
from Fig. 4, which shows the field dependence of in-plane
resistivity within the mixed phase region for three samples
with different levels of disorder. The sample with p,
=6.2 Q) cm, which is used for the construction of the phase
diagram and should have less disorder, shows four magne-
toresistivity steps, while the other two samples with higher
residual resistivity, which should have higher disorder levels,
exhibit only one or two steps. According to our previous
discussions,!? the magnetoresistivity steps in Sr,Ru;0, stem
from the formation of continuous domain walls of the LP
phase at certain threshold fields in the downward field
sweep. Thus our observation of the suppression of magne-
toresistivity steps by disorders suggests that the disorder
plays a critical role in the domain formation throughout the
metamagnetic transition of SryRu;0,,. Further work is nec-
essary to understand how the disorders affect the domain
formation.

Magnetic domain formation in itinerant metamagnets has
recently been investigated theoretically by Binz et al.'® They
generalized the theory of Condon domains!” to the case of
itinerant metamagnets and considered a model for a specific
two-dimensional electron system whose Fermi level is close
to a Van Hove singularity. Their results indicated that an
itinerant electron system cannot undergo a first-order transi-
tion without breaking up into magnetic domains within a
finite range of applied fields and that magnetic domain for-
mation in itinerant metamagnets is driven by dipolar magne-
tostatic force. This theoretical prediction is quite consistent
with our experimental observation in SryRu;0;,. Moreover,
the qualitative similarities between the theoretical phase dia-
gram and our experimentally established phase diagram in
Fig. 3 are striking. However, it is currently unclear whether
the domains we observed in SryRu30,, have the characteris-
tics of Condon domains as expected in their theory. Further
experiments are needed to clarify the nature of magnetic do-
mains in SryRuz0y.

Next let us examine the mechanism of the metamagnetic
transition in SryRu30,,. In general, itinerant metamagnetism
can be interpreted as a field-tuned Stoner transition into a
highly polarized magnetic state*'® or the suppression of an-
tiferromagnetic correlations.'® Recent experiments on the
Shubnikov—de Haas (SdH) effect of Sr,Ru;0,, reveal a non-
trivial evolution of the geometry of the Fermi surface and an
enhancement of the quasiparticle effective mass across the
metamagnetic transition when the applied field is aligned
close to the ¢ axis, where the metamagnetic transition field is
shifted to above 30 T.!# This result supports the assumption
that the metamagnetic transition in SryRu30, is likely due to
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the field-tuned Stoner transition as in SrzRu,0. Since the
magnetic ground state of Sr,Ru30, at zero field is ferromag-
netic, which is in contrast to the paramagnetic state in
Sr3Ru,0, the field-tuned Stoner transition in SryRu;0,, can
be understood only in terms of a multiple-band effect, i.e.,
both ferromagnetic and metamagnetic bands coexist in
Sr4Ru3010.

Within the above framework of orbital-dependent magne-
tism, complex magnetic behavior of SryRu;0,, under mag-
netic fields can be understood. As indicated above, the mag-
netic susceptibility shows a peak at 50 K for Hllab plane.
However, both specific heat'® and neutron-scattering
measurements'' do not show any evidence that this peak is
associated with any extra magnetic ordering. We think that
this transition might be due to the formation of a special
form of ferromagnetic domains. According to the neutron-
scattering experiment,'' the magnetic moments in Sr,Ru;0,,
are aligned in the basal plane. Magnetic moments in each
domain below 50 K probably point to four different equiva-
lent easy directions in the plane; thus magnetization is can-
celled among domains below 50 K, which gives rise to a
peak in susceptibility at 50 K. The presence of such domains
minimizes magnetic self-energy. The left inset in Fig. 3
shows the schematic of such ferromagnetic domains. The
uniform LP phase in the phase diagram should have such
ferromagnetic domains. These domains can be easily polar-
ized along the ¢ axis, but not along the in-plane direction
because of its strong in-plane magnetocrystalline anisotropy
[which can be assumed to be comparable to that of the re-
lated material SrRuO; that has an internal crystalline aniso-
tropy field of about 2 T (Ref. 20)]. Thus we can understand
why the magnetization show typical ferromagnetic behaviors
for Hllc and a metamagnetic transition for Hllab. The disap-
pearance of the ferromagnetic hysteresis at lower field (be-
low 1 T) for temperatures below 50 K (see Fig. 2) can also
be explained in this picture: when the applied field is below
the metamagnetic transition region, the ferromagnetic do-
mains are rigid and cannot be driven by the applied field
because of the strong in-plane magnetocrystalline anisotropy.
This interpretation implies that the in-plane magnetocrystal-
line anisotropy in SryRu30,( is temperature dependent and it
intensifies considerably below 50 K; this conjecture is con-
sistent with the observation in SrRuOj;, where the crystal
anisotropy was indeed found to strongly increase below
48 K.20’21

As the field approaches the metamagnetic transition field,
ferromagnetic domains will flip or flop to the direction of
applied field in a phase-separated form, as shown schemati-
cally in the right inset of Fig. 3. It should be emphasized here
that this local domain flip or flop transition in SryRu;0,
cannot be viewed as a regular ferromagnetic domain align-
ment under magnetic field. Since SryRu30,, has strong mag-
netoelastic coupling!®> when ferromagnetic domains are
aligned along the direction of applied field, the internal field
would increase drastically, which subsequently drives the
metamagnetic bands to polarized states. This point of view
strongly supports the following experimental observations:
First, the evidence for the Fermi-surface reconstruction
across the metamagnetic transition of SryRu;0;, has been
observed in SdH effect as indicated above. Second, Raman
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spectra measurements indicate that the metamagnetic transi-
tion in SryRu;0;, involves a distinct structural
contribution.'® Third, a sharp peak in specific heat has re-
cently been observed near the transition.!” All these features
cannot be understood only in terms of regular ferromagnetic
domain reorientation. The gray areas (i.e., FFM domains)
denoted by black arrows in the right inset of Fig. 3 describe
that the metamagnetic transition occurs only in those areas
where ferromagnetic domains flip or flop to the field direc-
tion. Either FFM domains in an upward field sweep or LP
domains in a downward field should be much bigger than the
ferromagnetic domains.

IV. CONCLUSION

In conclusion, we constructed a magnetic field—
temperature phase diagram describing the electronic ground
state of Sry;Ru30,,. We found that by using magnetic field as
a tuning parameter, the ground-state transitions from a uni-
form lowly polarized state to a mixed lowly polarized or
highly polarized state, and then to a uniform highly polarized
state. In the mixed phase region, the domain-boundary scat-
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tering plays a critical role in transport properties. It is respon-
sible for the nonmetallic behavior in resistivity observed in
an upward field sweep and the ultrasharp magnetoresistivity
steps seen in a downward field sweep. The transport proper-
ties in the mixed phase region are found to be sensitive to
disorders; the increase of disorder level suppresses the mag-
netoresistivity steps. In addition, we discussed the possible
origin of the metamagnetic transition in SryRu30, in terms
of our data and other related experiments. We argued that the
metamagnetic transition in SryRu;0;, involves a multiple-
band effect. Both ferromagnetic and metamagnetic bands co-
exist in these materials. Further work needs to be performed
to gain a further understanding of the complex orbital-
dependent magnetism involved in this material.
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