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Magnetic field induced reconstruction of electronic structure in Sr;Ru, 07 nanosheets
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The origin of the large magnetoresistance (MR) peak induced by the metamagnetic transition (MMT) in
Sr;Ru, 07 has attracted extensive attention, but still remains puzzling. Here we performed systematic magne-
totransport and torque magnetometry measurements of Sr;Ru,O; nanosheets, and found surprisingly that the
MR peak, together with the MMT, shifts dramatically toward low magnetic field with the decrease of thickness.
Meanwhile, the Hall coefficient shows clearly a sign change near the MR peak position, indicating a magnetic
field induced change of band topology. Combined with the theoretical calculation, we argue that the nature of
the MR peak in Sr;Ru, 05 is associated with the so-called Lifshitz transition due to van Hove singularity, which

is closer to the Fermi level in thinner nanosheets.
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Sr;Ru,07 belongs to the perovskite ruthenates of the
Ruddlesden-Popper series Sr,,+ R0, 03,41 (n = 1, 2, 00) with
n = 2 [1]. Contrasted with the n = 1 member Sr,RuQ,, which
is an unconventional superconductor [2-4], Sr3Ru,O7 is a
paramagnetic metal in its ground state [5], and shows two
unusual metamagnetic transitions (MMTs), manifested by
a superlinear increase in magnetization at critical magnetic
fields of ~8 T and 13.5 T for H||c (or ~5.5 T and 5.8 T for
H||ab plane) [6,7]. A very striking and puzzling phenomenon
is that, accompanied by the first MMT, the magnetoresistance
(MR) exhibits simultaneously a huge peak [6-8]. Although
this phenomenon has been extensively studied for decades
[6,8—11], its nature remains controversial.

One theoretical work based on the phenomenological
Ginzburg-Landau theory suggests that the MR peak at the first
MMT may be caused by the magnetic Condon domain wall
scattering of electrons [12], but a subsequent experimental
study suggests it may originate from the magnetic field in-
duced electronic nematic order (ENO) [10,13-15], which is
manifested by the formation of a spin density wave (SDW)
[11]. Thus, the MR peak is reasonably attributed to the gap-
ping out of Fermi surface or the SDW domain wall scattering

of electrons [11]. However, the entropy and specific heat ex-
periments [16—18] show that there are still large number of
carriers at the MR peak position, suggesting the former might
be ruled out. Unfortunately, the domain scenario is also chal-
lenged by a recent domain tuning experiment [19], in which
no hysteresis in the MR curves is observed by repeatedly
driving the magnetic field passing over or across the critical
field at the MR peak.

Previously, few were known when the thickness of
Sr3Ru, 07 is in the nanometer scale. A recent transport exper-
iment on the 20 nm-thick Sr;Ru,O7 thin film shows that the
electron nematic phase can be promoted to much higher tem-
peratures and over a larger magnetic field range than in bulk
single crystals, which is attributed to the strain effect arising
from the lattice mismatch between the film and substrate [20].
In this work, we focus on the MR behavior of single crys-
talline Sr;Ru,O; nanosheets, which are freestanding on the
Si/Si0; substrate. We found the MR peak shifts considerably
toward low magnetic fields with the decrease of nanosheet
thickness. Hall effect and magnetic property measurements
reveal that there is a magnetic field induced sign change of the
Hall coefficient at the MR peak position, suggesting a possi-
ble Lifshitz transition. Theoretical calculation shows that the
above results can be understood by the van Hove singularity,
which is closer to the Fermi level in thinner nanosheets.

“To  whom  correspondence  should be  addressed: The preparation of nanosheets for experimental measure-
jyyang@swu.edu.cn ments is presented in the Supplemental Material [21]. Figure 1
"To  whom  correspondence  should be  addressed: shows the resistance (R) versus temperature (7) curve of a
tianml@hmfl.ac.cn Sr3;Ru, 07 nanosheet with a thickness d of 30 nm, where the
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FIG. 1. Temperature (7) dependent resistance (R) of a 30 nm-
thick Sr;Ru,O; nanosheet. Insets: (Top) A scanning electronic
microscopy image of the nanosheet. Scale bar: 3 um. (Bottom)
Magpnetic field dependence of the R-T behavior of the 30 nm-thick
nanosheet.

top inset shows a scanning electronic microscopy image of the
nanosheet. It is found that the R decreases monotonically with
decreasing 7T, with a residual resistance ratio (RRR) of about
80, which is in line with those reported in bulk Sr;Ru,0;
single crystals [5,9]. The enlargement of the R-T curves at
different magnetic fields is shown in the bottom inset, a kink
at ~4.0 K emerges clearly when the magnetic field H is near
5.0 T. A similar H-dependent R-T property showing kinks at
~4.0 K is also observed in 200 nm-thick nanosheet [21]. It has
been reported that a H-dependent kink in the R-T curve can be
observed only below ~1.0 K in ultrapure single crystalline
Sr3Ru,07 bulk [22] due to the formation of magnetic field
induced ENO or SDW [10,11,13]. Our results indicate that
the characteristic temperature showing the unusual kinks in
nanosheets is much higher than ~1.0 K due to the thickness
confinement effect. All nanosheets used in this work exhibit
very similar R-T dependence, indicating our samples do not
involve intergrowth with either Sr4Ru30O¢ or STRuO; [23].

Figure 2 shows R-H curves of nanosheets with various
thickness measured at 0.5 K with H||c. No hysteresis is ob-
served in the MR when sweeping the magnetic field back
and forth, which is consistent with previous reports of bulk
samples [6,8]. A significant feature is that the peak position
(Hp) of the MR shifts dramatically toward the low field with
decreasing the thickness. The detailed definition of H), is pre-
sented in Fig. S3 [21]. For comparison, the R-H curve of a
Sr3Ru, 07 bulk single crystal measured with H ||c is plotted in
the inset of Fig. 2(a), where the H), is ~7.9 T.

It is well known that the MR peak for a bulk sample
takes place at the MMT, with a critical field identical to H,.
However, for a nanosheet, it is unclear whether its MMT
also follows the similar thickness dependence of the MR. In
general, it is very challenging to obtain the magnetization data
on a nanosheet due to its extreme small magnetic moments.
Here, we performed torque magnetometry measurements on
Sr3Ru, 07 nanosheets using an ultrasensitive cantilever with
low spring constant (~10 mN/m) [24,25]. With this tech-
nique, a single piece of the Sr3;Ru,O7 nanosheet was attached
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FIG. 2. Magnetic field dependent resistance for different-
thickness Sr;Ru,;O; nanosheets measured at 0.5 K with H||c. (a)
d =12 nm (b) d =22 nm; (c) d =42 nm; (d) d = 200 nm. Inset
in (a): R-H curve of a Sr;Ru,O; bulk single crystal with H||c at
0.5 K.

to the free end of the Si cantilever, as shown in Fig. 3(a). When
a magnetic field is applied, the magnetic torque t =M x H
(M: magnetization) would induce a displacement Ax of the
cantilever, which is in proportion to 7.

Figures 3(b) and 3(c) show, respectively, the H-dependent
7 of 800 nm- and 200 nm-thick nanosheets measured at 2.2
K and 1.6 K, where 6 is the angle between the H and the ab
plane of the nanosheet, as schematically shown in the inset
of Fig. 3(b). Two successive transitions at critical fields of
H., and H., which must correspond to the first and second
MMTs, can be identified from the dt/dH-H plot, as rep-
resentatively shown in the inset of Fig. 3(c) [7]. The angle
f-dependent H,; and H,, of the two samples are summarized
in Figs. 3(d) and 3(e), respectively. It is found that both H
and H,, decrease with decreasing 6, which is consistent with
previous magnetic torque measurements of a bulk sample [7].
The facts that both H, and H., are reduced significantly
with decreasing thickness for H|c compared with the bulk
(H;y ~8T, Hyp ~13.5T [7]), and the magnitude of H,; is
almost identical to H, in the 200 nm-thick nanosheet, suggest
the MMTs and the MR peak indeed share a same thickness-
dependent behavior as expected.

To understand the origin of the MR peak at the MMT,
we performed systematic Hall resistivity measurements at
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FIG. 3. (a) A scanning electronic microscopy image of the 800 nm-thick Sr;Ru,O7 nanosheet attached at the free end of an Si cantilever for
the torque magnetometry measurement. Scale bar: 100 um. (b) and (c) are, respectively, the magnetic field dependent torque as a function of
the angle 6 defined in the inset of (b) of the 800 nm-thick nanosheet measured at 7 = 2.2 K and the 200 nm-thick nanosheet measured at 7 =
1.6 K. Inset of (c) is an enlarged view of the magnetic field dependent torque (left axis) and its corresponding derivative (right axis) measured
near 0 ~ 90° of the 200 nm-thick nanosheet, where the first and second magnetic transition critical fields H,, and H,, are, respectively, defined
at the minimum of the dt/dM-H curve. (d) and (e) are, respectively, the angle-dependent critical fields of the 800 nm and 200 nm-thick

nanosheets.

0.5 K on several nanosheets as shown in Fig. 4(a), where
Pxy = [oxy(H)-pxy(—H)]/2 is obtained by symmetrizing the
data with positive and negative field cycles. One can find that
Pxy increases linearly with increasing H up to a magnetic field
of Hj, then changes its slope from positive to negative with
three distinguishable kinks at H;, H», and Hj, respectively, as
labeled by the arrows. Note that the kinks above H; are not
distinguishable in the Sr3Ru,0; bulk reported in Ref. [26].
The critical fields at the kinks are summarized in Fig. 4(b) as
a function of nanosheet thickness, d. It is clearly seen that Hs
is almost thickness independent for d < 200 nm, and remains
at ~10 T. However, H; and H, decrease with decreasing
thickness, which almost follow the same thickness-dependent
behavior of the MR peak and the MMT [see Fig. 4(b) and Fig.
S4 [21], Hy: “A”, Hp: <7, Hep: “U17, Ha: 7, Hep: “O7).
These results indicate that the kinks at H; and H; in oy, must
correspond to H,; (or H,, of the MR) and H,, of the MMT. Hj
can thus reasonably be considered as a characteristic field of
the magnetic field induced high moment phase [11].

As a metamagnetic metal of Srz;Ru,07, its total Hall re-
sistivity, oy, should involve both ordinary Hall effect (OHE)
and anomalous Hall effect (AHE) with p., = Ry OHEpy
Ry*MEM [27], where M is the magnetization along the ¢
axis, Ry?"E and Ry*"E are, respectively, the ordinary and
anomalous Hall coefficients. However, combined with the

magnetic measurements, we conclude that the AHE has less
contribution to p,,. This is based on the observation that in the
MMT range of Hy < H < Hj, as shown in Fig. S1 [21] and
Ref. [6,11], the change of magnetization is ~0.1ug/Ru per
Tesla, which is about five times larger than that outside of this
region, but the variation of p,, at H; < H < Hj3 is not so sig-
nificant compared with that at H < H; and H > H3, which is
completely contrary to the AHE theory [27]. Since the traces
of the p,,-H curves for nanosheets of different thicknesses,
as shown in Fig. 4(a), are almost parallel to each other at
low fields (<H)), suggesting the transport property of the
nanosheet is less dependent on the thickness below H;. The
low field (<H;) Hall coefficient Ry, extracted from the slope
of the p.,-H curves, is about 2 x 10-10 m3/C [Fig. 4(c)],
which is consistent with that determined from bulk samples
[28,29]. Strikingly, a clear sign change of Ry from positive at
H < H, tonegative at H > Hj in each Sr3Ru,; 07 nanosheet is
observed [Fig. 4(c)], indicating there possibly exists a mag-
netic field induced band structure reconstruction [21]. One
possibility is the so-called Lifshitz (LF) transition where the
Fermi surface topology changes due to the variations of the
Fermi energy and/or the band structure [30]. Such a LF tran-
sition effectively modifies the transport properties, hence the
MR peaks at the transition field. The fact that above Hz, Ry
decreases with decreasing thickness [Fig. 4(c)], indicates that
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FIG. 4. (a) Magnetic field dependent Hall resistivity p., of
Sr3Ru, 07 nanosheets with different thicknesses d measured at 0.5 K.
The kinks of the p,,-H slope changes are labeled as H,, H,, Hs,
respectively. Curves are shifted vertically by 0.1 ©Qcm for clarity.
(b) Magnetic field H versus nanosheet thickness d. The character-
istic fields, H,, H,, H,, H3, and the critical fields of H,, and H,,
are labeled by symbols “¥”, “A”, O, ®, “II”, “O” respectively.
(c) Thickness dependence of the Hall coefficient Ry at H < H; and
H > H;.

the MMT and the accompanied MR peak are indeed sensitive
to the band structure or the position of the Fermi level (Er).

LF transition can be induced by chemical doping or pres-
sure through continuously tuning the filling of a band or the
shape of a Fermi surface, as already argued in cuprates [31],
iron pnictides [32], and topological materials [33], etc. LF
transition can also be driven by a magnetic field through
coupling with the Zeeman term, but it is usually achieved in
heavy fermion system when the Fermi energy is significantly
reduced due to the hybridization of the conduction and the lo-
calized f electrons [34,35]. The observation of magnetic field
induced LF transition under low magnetic fields (H; ~ 6 T)
in Sr3Ru, 07 is extremely striking, since its Zeeman energy is
small [36]. However, our observation seems to be a reminis-
cent of recent theoretical studies [37—41], showing the MMT
in Sr3Ru, 07 is related to a van Hove singularity in the density
of state (DOS). In this scenario, the band feature is considered
to be very sensitive to small energy scales and the Zee-
man energy tends to reconstruct the Fermi surface via strong
spin orbital coupling and/or quenching of orbital moments
rather than just causing a relative chemical potential shift
[13,37-40].

To get an insight into the thickness-dependent H, (or
H,), density functional theory (DFT) calculations are per-
formed [21]. It was known that the structure relaxation for
a Sr3Ruy 07 sheet including only two Srz3RuyO7 units along
the ¢ direction causes a slight expansion of the lattice con-
stant ¢ to be 2.085 nm through a total energy minimization,
compared to 2.059 nm for a bulk structure, indicating the ¢
more likely increases with the decrease of nanosheet thick-
ness (this is qualitatively consistent with our experimental
observation [21]). Similar lattice change is reported in thin
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FIG. 5. Partial density of states for the Ru d orbitals with (a) ¢ =
2.059 nm, (b) ¢ = 2.072 nm, and (c) ¢ = 2.085 nm. The arrow in (a)
denotes a van Hove singularity.

transition-metal dichalcogenides [42]. Figure 5 presents the
partial density of state (PDOS) of Ru with different lattice
constant c; the total DOS is shown in the Supplemental Ma-
terial [21]. A sharp peak near the Er of the PDOS referred
to a van Hove singularity, which is marked by the arrow in
Fig. 5(a) can be found, consistent with previous theoretical
calculation [38]. Interestingly, we found the van Hove singu-
larity shifts toward the Er as c increases. Since the position
of the van Hove singularity is mainly determined by the d,,
orbital of Ru (Fig. 5), such a shift can thus be attributed to
the change of crystal field. When c¢ increases, the elongated
RuOg octahedra causes the d,, orbital to be upward shifted
relative to the d,;/d,, orbitals. In Ca,RuQO,4 and CazRu, 07, it
has been reported that the flattening of RuOg octahedra causes
the downward shift of the dy, orbital, leading to an orbital
polarization [43,44]. Considering the van Hove singularity is
responsible for the MMT (e.g., Ref. [41]) and the sign change
of Ry shown in Fig. 4(c), the thickness-tuned shift of the
van Hove singularity towards the Er might be the origin of
the thickness-dependent MR peak or the MMT as well as the
magnetic field induced LF transition.

In summary, we have systematically studied the thickness
dependence of magnetotransport and magnetic properties of
SrsRu, 07 single crystalline nanosheets. We found that the
first MMT as well as its resulting MR peak shift to low
magnetic field with decreasing thickness. Combined with the
Hall resistivity and torque magnetometry measurements, and
the DFT calculation, we argue that the anomalous MR peak at
the MMT might originate from a magnetic field induced LF
transition due to van Hove singularity.
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