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Magnetic reversal in Sr;Ru3;0;9 nanosheets probed by anisotropic magnetoresistance
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The origin of the unusual second magnetic transition at a temperature 7), in the ruthenate SryRu30,¢
remains elusive. Here, we have investigated the thickness-dependent anisotropic magnetoresistance of Sr;Ru30,¢
nanosheets, and clearly found that the sign of the magnetoresistance (MR) presents an unusual reversal behavior
from a positive to negative with an external magnetic field H Lab plane or vice versa with H || ab plane when
the temperature decreases across the 7),. Analysis of the data demonstrates that this MR reversal is caused by the
magnetization reversal from the ab plane ferromagnetic order at T > T), to the ¢ direction at T < T, due to the
competition between the shape anisotropy and the inherent magnetocrystalline anisotropy. Our result suggests
that the second magnetic transition in SryRu;0;( nanosheets originates from a spin reorientation.
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I. INTRODUCTION

Layered perovskite 4d ruthenates Sr,;;Ru,03,4
(n=1, 2, 00), in which the spin and orbit or lattice are
strongly coupled, are attractive materials in condensed matter
physics [1]. First, this series contains novel phenomena,
including spin-triplet superconductivity [2] and quantum
criticality [3,4]. Second, the physical property in this series
is highly tunable by external excitations such as strain and
magnetic field [5-8]. Third, as n increases, the magnetism
evolves systemically from paramagnetism (Sr,RuQOy4, n = 1)
[9], enhanced paramagnetism (Sr;Ru,O7, n =2) [6] to
ferromagnetism (SrRuOs, n = oo) [10].

The triple-layer Sr4Ru3zOjp (n = 3) is a ferromagnetic
(FM) metal with a Curie temperature T¢c ~ 105K [11,12].
Its FM transition is followed by a second magnetic transition
at a critical temperature T, of 50-70 K, accompanied by a
resistive anomaly in transport measurements [11-16]. Below
Ty, its magnetization shows an additional increase when the
magnetic field (H) is applied parallel to the ¢ axis (H | ¢),
whereas the magnetization decreases gradually to near zero for
H || ab plane [11,12]. However, specific-heat measurements
show no anomaly near T),, suggesting that the second transition
might be not a real thermodynamic phase transition [17]. The
origin of this transition is still controversial and remains elusive
[18-24]. For example, an early Raman study suggested that
at Tyy < T < T¢, the magnetic moments are canted and FM
aligned along the ¢ axis with no ordering of the in-plane
component, whereas at T < T), the in-plane component of the
moments are antiferromagnetically coupled [18]. However, a
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neutron diffraction measurement performed by Granata et al.
[23] showed that at zero field below 7, the magnetic moments
are FM-coupled and oriented along the ¢ axis with neither long-
range antiferromagnetic nor FM order in the ab plane. On the
other hand, a very recent neutron diffraction study performed
by Zhu et al. [24] showed that the magnetic moments are FM
coupled with both in-plane and out-of-plane FM components,
and below Ty, the magnetic moments incline continuously
toward the out-of-plane direction.

Recently, we have studied the transport property of
SrsRu30;0 nanosheets. Three unusual features were observed:
(i) The Ty decreases with decreasing thickness (see also in
Fig. 1) [20]; (ii) there is an in-plane FM order along the [110]
direction below T probed by the planar Hall effect [21,22];
and (iii) the domain structure of the in-plane FM order in the
nanosheet (lateral size: < 10 um) transforms from a single-
domain state at 7 > T), into a multidomain state at 7 < Ty,
[21]. These findings open a path to explore the nature of the
second transition by using thickness as a control parameter.

In this paper, we performed a systematically anisotropic
magnetoresistance (AMR) study on high quality SrsRuz0q
nanosheets with different thicknesses. We found that the sign
of the magnetoresistance (MR) in nanosheets presents a clear
“reversal” behavior from a positive to negative when the
temperature is varied across the critical point Tj;, no matter
whether the magnetic field is applied along the c axis or the ab
plane. These results indicate that there is a spin reorientation
process at Ty, in Sr4Ru301( nanosheets.

II. EXPERIMENTAL DETAILS

Sr4Ru30;p nanosheets were obtained by the scotch-tape-
based micromechanical exfoliation method from the bulk
single crystal grown by flux techniques [11]. The nanosheets
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with different thicknesses, d, determined by atomic force
microscopy were transferred to a silicon substrate covered
with 300-nm-thick silicon dioxide on the top surface. Contacts
were patterned using an electron-beam lithography technique
followed by deposition of Ti/Au (5§ nm/100 nm). A standard
four-probe configuration was used to carry out the transport
measurements, with the current is injected in the ab plane.

III. RESULTS AND DISCUSSION

Figure 1 shows a typical resistance (R) versus temperature
(T) curve and its derivative dR/dT (right axis) of a 25-nm-
thick Sr4Ru301¢ nanosheet, both anomalies (see more clearly
inthe dR/dT curve) in R are indicated by arrows, at which the
temperatures are, respectively, defined as T¢ and Ty, Itis noted
that (i) The nanosheets used in this paper exhibit a similar R-T
property as that of the bulk [13], except for the decrease of the
second resistive anomaly temperature Ty, due to the size effect;
(i1) the residual resistance ratio, RRR = R(300K)/R(2K),
reaches about 60; and (iii) the residual resistivity at 2 K is about
2—4 u2 cm, which is comparable to that of the bulk Sr4Ru3019
crystals grown by the floating-zone technique (e.g., 1.6 £ cm
in Ref. [13]). All these results indicate that our nanosheets
are of high quality, and the possible intergrowth phases such
as Sr3Ru, 07 [6] and SrRuO3 [10], which are usually seen in
bulk crystals grown by the flux method, can be ruled out, as
these phases will present completely different R-T properties
compared with Sr4Ru301¢. The thickness dependence of both
Tc and Ty are presented in the inset of Fig. 1. It can be seen
that the 7¢ is almost independent on the variations of the
thickness (i.e., even when the thickness is reduced to 25 nm)
and remains at ~105K as in the bulk. The T);, however, is
affected significantly by the thickness and decreases to ~25 K,
which is almost the half value of the bulk as the thickness is
reduced to less than ~100 nm.

Figure 2 shows the R-H curves of three samples with
thickness, 25, 89, and 260 nm, respectively, at T = 70 and
15 K. Itis clearly seen that, at T = 70 K (>Ty,) [see Figs. 2(a),
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FIG. 1. R—T and its derivative d R/dT (right axis) at zero field
of a 25 nm-thick SryRu30,9 nanosheet. Temperatures T¢ and T,
are indicated by arrows. Inset: Temperature-dependent 7¢ and T); of
different-thickness Sr;Ru30;y nanosheets.

2(c), and 2(e)], all the R-H curves present a “valley” shape
with a positive MR at low fields when the field H is applied
perpendicular to the ab plane (i.e., H Lab), whereas a “cusp”
with negative MR in the parallel field direction (i.e., H || ab).
Interestingly, when the temperature is at 15K (<Tys) [see
Figs. 2(b), 2(d), and 2(f)], the R-H properties present a
completely opposite behavior except for the hysteresis, i.e.,
a cusp with negative MR for H Lab but a valley with positive
MR for H || ab.

In order to understand this unusual MR reversal behavior
by changing the polarization direction of the external magnetic
field, we first consider the principle of the AMR effect in a
magnetic system. Generally, in a FM metal, the AMR effect
resulting from the spin-orbit coupling can be written as [25]

R =R, — (R, — Ryerp)sin®é, (D

where R, and Ry, are, respectively, the resistance for the cur-
rent oriented parallel and perpendicular to the magnetization,
and 6 is the angle between the magnetization M and current.
When H is applied perpendicular to the direction of magnetiza-
tion and its value is less than the saturation field, 6 is determined
by sin 8 = H/M; (M, is the saturation magnetization) due to
a rotation of M against the demagnetizing field [25]. In this
case, Eq. (1) predicts a parabolic behavior of the resistance
with H, i.e., a valley in MR. Therefore, the observed valley in
MR as demonstrated in Fig. 2 for H < HSJ- at70K (or H < I-IS||
at 15 K) is mainly a result of demagnetization effects. Here,
HSJ- and HS|| are, respectively, the saturation fields for H Lab
and H || ab as marked in Figs. 2(e) and 2(f). The fact that
the parabolic behavior appears at 70 K in H Lab implies that
the magnetization in the nanosheet is predominantly oriented
in the ab plane at 70 K, which is consistent with our previous
planar Hall effect study [21]; the negative MR with a cusp shape
at 70 K with H || ab is also a typical feature for an in-plane
FM metal. Similarly, the parabolic MR behavior observed at
15 K with H || ab indicates that the magnetization should be
oriented along the ¢ direction, verified by the negative MR
behavior with a cusp shape when the field H is perpendicular
to the ab plane. In other words, there must be a magnetic
reversal from an in-plane FM order to the ¢ direction when
the temperature decreases from above.

To determine the critical temperature for the reversal, we
have measured the MR behavior for H || ab and H lab
as a function of temperatures in nanosheets with different
thicknesses. Figure 3 shows the MR behavior obtained in a
260-nm-thick sample, where the saturation fields of the valley
are indicated by arrows. One can see that no matter whether the
field is applied with H || ab [Fig. 3(a)] or H Lab [Fig. 3(b)],
a striking feature is that the MR always presents a reversal at
a temperature between 35 and 40 K. For example, the R-H
curves with H Lab (or H || ab) show a valley (or cusp) with
positive (or negative) MR above ~37K, then transition to
a cusp (or valley) with negative (or positive) MR, and the
reversal temperature, ~37 K, is consistent with the second
anomaly temperature, T); ~ 37K of the nanosheet defined
from the R-T curve (inset of Fig. 1). This result indicates
the T), itself is a critical energy scale of the magnetization
reversal. In other words, above T, the magnetic moments
prefer to be FM aligned in the ab plane (along the [110]
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FIG. 2. Magnetoresistance of different-thickness SryRu30,( nanosheets at 70 and 15 K. (a) and (b) 25 nm; (c) and (d) 89 nm; (e) and (f)
260 nm. The superscript L (||) indicates the magnetic field is applied perpendicular (parallel) to the ab plane, and H- (H)') is the saturation

field for H Lab (H || ab).

direction [21,22]), whereas below T); the moments turn mostly
to the ¢ axis, as schematically shown in Fig. 4(a). This is also
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FIG. 3. Magnetic field H-dependent resistance as a function of
temperatures in a 260-nm-thick Sr,Ru30;¢ nanosheet. (a) H || ab;
(b) H Lab.

partially supported by the fact that the in-plane FM order in the
Sr4Ru30;p nanosheet transforms from a single-domain state
at T > Ty, into a multidomain state at 7 < Tj; demonstrated
in our previous work [21]. Based on this finding, the origin
of the second resistive anomaly, i.e., the second transition at
Ty in the SryRu30,0 nanosheet (Fig. 1) is well understood,
which is actually caused by the spin rotation from in-plane to
out-of-plane order.

Evidently, there are competing sources for the magnetiza-
tion reversal. In Srs,Ru30;( bulk, it has been found that the Ru
moments are primarily FM-coupled along the ¢ axis below T¢
[12,23,24], so the fact that the magnetization is predominantly
oriented along the ab plane at T)y < T < T¢ in nanosheets
[Fig. 4(a)] must have an origin due to the size effect, i.e., the
shape anisotropy. Therefore, a natural question is what factor
will overcome the existing size effect and drive the moments
back to the ¢ axis below T), in the nanosheet?

To give an insight on this question, we summarize the
saturation fields HS” and Hsl of different-thickness samples as
a function of temperature in Fig. 4(b), where the valley-shaped
MR can be seen only above Tj, for H Lab (or below Ty
for H || ab) as shown in Fig. 3. Both the saturation fields,
H) and HZ1, are crucial factors to characterize how difficult
it is to polarize the moments. It was found that the H! in
the temperature range of T > Tj, increases as the thickness
decreases, whereas the HS|| in the temperature range of T < Ty,
decreases correspondingly, clearly demonstrating that thinner
samples favor spins aligned in the ab plane due to the size
effect. However, the variation of both HSl and H, J' for different-
thickness samples presents a similar profile with 7', namely a
maximum near ~70 K (in the vicinity of the bulk Ty, e.g.,
Refs. [13-15]) for H}* and ~10K for H], indicating there
must be an intrinsic origin beyond the shape anisotropy that
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FIG. 4. (a) Schematic plot of the magnetization M of the
Sr4Ru304¢ nanosheet below T¢. (b) Temperature-dependent satura-
tion fields H;- and H! of different-thickness nanosheets extracted
from R-H curves.

modulates the spin reorientation from the in-plane order to the
c axis.

It is known that there are unique magnetic and structural
responses of Sr4Ru3O0j¢ under an external magnetic field
[18,23]. The T-dependent HYJ- and HS|| might be crystal
structure related, for the profile of which is less reliant on
the thickness. Indeed, by carefully reviewing the structure
of SryRu30;¢ upon cooling [23,26], we find both Hxl and
H) in nanosheets follow the evolution of the lattice pa-
rameter c. Specifically, the increase of H corresponds to
the decrease of ¢ from 7¢ to ~70K, and when ¢ expands
from ~70K to 15 K (the lowest temperature achieved in the
structural measurements [23,26]), the HYJ- goes to zero at Ty,

and there is a monotonous increase of HsH [Fig. 4(b)]. We
conclude that the observed magnetic structure in nanosheets
[Fig. 4(a)] actually arises from the competition between the
shape anisotropy and the magnetocrystalline anisotropy, where
the shape anisotropy favors the magnetic moment in the ab
plane, whereas the magnetocrystalline anisotropy, which can

be enhanced significantly by the expansion of the ¢ axis
below 70 K, favors the moment aligning along the ¢ direction.
This strongly structure-related magnetocrystalline anisotropy
is intrinsic, which is independent on the thickness of samples.
Our speculation is consistent with the theoretical prediction
[27,28] that the elongated (flattened) RuOg octahedra favor the
magnetic moments arranged along the ¢ direction (ab plane).
Below ~70K (i.e., the maximum in Hsi), an expansion of ¢
induces a continuous enhancement of the magnetocrystalline
anisotropy energy, and finally overcomes the shape anisotropy
below T, thus leading to a magnetic reversal from the in-plane
FM order to the ¢ direction. The shape anisotropy increases
as the thickness decreases, which is why the T}, in nanosheets
exhibits a thickness-dependent property as shown in the inset of
Fig. 1. The origin of the T, in nanosheets is consistent with the
recent neutron diffraction data on bulk crystals obtained by Zhu
et al. [24], where below Ty ~ 50K, the magnetic moments
incline continuously toward the out-of-plane direction, and
at T = 1.5K, the spins are nearly aligned along the ¢ axis.
The significant difference between a bulk and nanosheet is
that the FM component in the ab plane of a bulk sample is weak
due to the lack of shape anisotropy. It is worth mentioning here
that the overall expansion of ¢ from ~70K down to 15 K is
only ~4 x 10™* [26], but it is large enough to overcome the
shape anisotropy and drive the direction of magnetization back
to the ¢ axis. The turning point at ~10K (i.e., the maximum
in Hs”) suggests another decrease of c, but it requires further
low-temperature structural verification.

IV. SUMMARY

We have investigated the MR effect with H both parallel
and perpendicular to the ab plane of SrsRu30;¢ nanosheets,
and clearly observed a reversal behavior of the MR at Ty, i.e.,
a magnetization reversal from the ab plane at T > Ty, to the
c direction at 7 < T),. Analysis of the data demonstrates that
this reversal of the MR profile is a result of the competition
between the shape anisotropy and the inherent magnetocrys-
talline anisotropy. Our result can naturally explain the second
magnetic transition at Ty, in Sr4Ru30( nanosheets, which is
actually a spin reorientation transition.
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