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Report Title
Final Report: Quantum Material Properties of 4d and 5d Transition Metal Oxides and Potential Applications
ABSTRACT

This grant enabled the exploration of 4d and 5d transition metal oxides, in particular, ruthenates, as well as novel two-dimensional (2D)
electronic materials, all featuring interesting physical properties and/or structure-property relationships. Specifically, we carried out
electrical and magneto transport measurements on La4Ru6019, BaRuO3, and Sr2RuO4 single crystals, and pursued the characterization,
device fabrication, as well as the exploration of the potential uses of 2D electronic materials including graphene and NbSe2. La4Ru6019
showed a ferromagnetic quantum criticality near ambient pressure; four-layered hexagonal (4H) and nine-layered rhombohedral (9R)
BaRuO3 possess interesting structure-property relationships, with the strong one-dimensional character in the 9R structure leads to clear
deviation from the metallic behavior seen in the 4H structure. The Nernst effect signal in the normal state of Sr2RuO4 is large which
decreases linearly as a function of temperature, possibly related to the band-dependent magnetic fluctuation, which was suppressed by the
emergence of coherence at low temperatures. We observed strong magneto conductance fluctuations in few layer graphene near the charge
neutral point, and novel electronic states at the “interface” between monolayer and bilayer graphene. For NbSe2, we found that the CDW
was suppressed in the atomically thin NbSe2 while SC survives down to two atomic layers.
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Scientific Progress

This grant enabled the exploration of 4d and 5d transition metal oxides, in particular, ruthenates, as well as novel two-
dimensional (2D) electronic materials, all featuring interesting physical properties and/or structure-property relationships.
Specifically, we carried out electrical and magneto transport measurements on La4Ru6019, BaRuO3, and Sr2Ru04 single
crystals, and pursued the characterization, device fabrication, as well as the exploration of the potential uses of 2D electronic
materials including graphene and NbSe2.

Measurements on single crystals La4Ru6019 revealed that the previously observed metal-metal bonding and non-Fermi-liquid
behavior are likely due to the existence of a ferromagnetic quantum criticality near ambient pressure in this material. Our results
obtained on single crystals of four-layered hexagonal (4H) and nine-layered rhombohedral (9R) BaRuO3 provided insight into
the structure-property relationships of BaRuO3 polymorphs, with the strong one dimensional character in the 9R structure leads
to clear deviation from the metallic behavior seen in the 4H structure. Measurements on the Nernst effect in the normal state of
Sr2RuO4 found a large value of the Nernst signal with its magnitude increasing with the decreasing temperature until reaching
a maximum around 20-25 K, below which it starts to decrease linearly as a function of temperature. The observed behavior
was explained by relating the Nernst signal to the band-dependent magnetic fluctuation suppressed by the emergence of
coherence in one of the bands at low temperatures in Sr2RuO4. In addition, preliminary work on ionic liquid gating of
Ca3Ru207, the n = 2 member of the Roddelsden-Popper series of Can+1RunO3n+1 aiming at tuning its structural transition by
electric field was carried out. We found that the effect of electric field is minimal.

We also carried out work on graphene, which was focused on the device fabrication and characterization on graphene flakes
prepared by mechanical exfoliation from bulk graphite, and NbSe2, on the interplay between charge-density waves (CDWSs) and
superconductivity (SC) in atomically thin flakes again prepared by mechanical exfoliation from the bulk crystals. We observed
strong magneto conductance fluctuations in few layer graphene near the charge neutral point, and novel electronic states at the
“interface” between monolayer and bilayer graphene. For NbSe2, we found that the CDW was suppressed easily in the
atomically thin NbSe2 while SC survives at least down to two atomic layers.
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Abstract

This grant enabled the exploration of 4d and 5d transition metal oxides, in particular, ruthenates,
as well as novel two-dimensional (2D) electronic materials, all featuring interesting physical
properties and/or structure-property relationships. Specifically, we carried out electrical and
magneto transport measurements on LasRusO19, BaRuOs3, and Sr2RuOa single crystals, and
pursued the characterization, device fabrication, as well as the exploration of the potential uses of
2D electronic materials including graphene and NbSe2. LasRusO19 showed a ferromagnetic
quantum criticality near ambient pressure; four-layered hexagonal (4H) and nine-layered
rhombohedral (9R) BaRuOs possess interesting structure-property relationships, with the strong
one-dimensional character in the 9R structure leads to clear deviation from the metallic behavior
seen in the 4H structure. The Nernst effect signal in the normal state of Sr.RuQg is large which
decreases linearly as a function of temperature, possibly related to the band-dependent magnetic
fluctuation, which was suppressed by the emergence of coherence at low temperatures. We
observed strong magneto conductance fluctuations in few layer graphene near the charge neutral
point, and novel electronic states at the “interface” between monolayer and bilayer graphene.
For NbSez, we found that the CDW was suppressed in the atomically thin NbSez while SC
survives down to two atomic layers.

Subject terms:

Quantum materials; structure-property relationship, quantum transport; low-temperature magneto
transport measurements

Main results

Measurements on single crystals LasRusO19 with metal-metal bonding revealed that the
previously observed non-Fermi-liquid behavior are likely due to the existence of a ferromagnetic
quantum criticality near ambient pressure in this material. Our results obtained on single crystals
of four-layered hexagonal (4H) and nine-layered rhombohedral (9R) BaRuOs provided insight



into the structure-property relationships of BaRuOs polymorphs, with the strong one-dimensional
character in the 9R structure leads to clear deviation from the metallic behavior seen in the 4H
structure. Measurements on the Nernst effect in the normal state of Sr.RuO4 found a large value
of the Nernst signal which decreases linearly as a function of temperature. The observed
behavior was explained by relating the Nernst signal to the band-dependent magnetic fluctuation
suppressed by the emergence of coherence in one of the bands at low temperatures in Sr2RuOa.
We also found that the Ru/Sr2RuQ4 interface inthe eutectic phase of Ru-Sr2RuQg is atomically
sharp. In addition, preliminary work on ionic liquid gating of CasRu207, the n = 2 member of the
Roddelsden-Popper series of Can+1RunOsn+1 aiming at tuning its structural transition by electric
field was carried out. We found that the effect of electric field is minimal. We also carried out
work on graphene, which was focused on the device fabrication and characterization on graphene
flakes prepared by mechanical exfoliation from bulk graphite, and NbSez, on the interplay
between charge-density waves (CDWs) and superconductivity (SC) in atomically thin flakes
again prepared by mechanical exfoliation from the bulk crystals. We observed strong magneto
conductance fluctuations in few layer graphene near the charge neutral point, and novel
electronic states at the “interface” between monolayer and bilayer graphene. For NbSez, we
found that the CDW was suppressed easily in the atomically thin NbSe2 while SC survives at
least down to two atomic layers.
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1. Transport properties of BaRuOs

We carried out transport measurements on BaRuOs that features four crystalline structures
for BaRuOs, the nine-layered rhombohedral (9R), the four-layered hexagonal (4H), the six-
layered hexagonal (6H), and the perovskite structure (3C). We measured only the 9R and 4H
forms. It was found previously! that the 4H BaRuOs shows a metallic resistivity down to the
lowest temperatures. The 9R features a cross from metallic over to insulating behavior below
100K, which becomes flatten near 30K in the c-axis but not in the in-plane resistivity. The
magnetic susceptibility of the 4H BaRuOs was found to show a featureless, linearly increasing
temperature dependence. However, the 9R BaRuOs was found to possess a subtle change in
slope around 100 - 150 K, slightly higher than the temperature below which the resistivity starts
to cross over from an metallic to insulating behavior, and a more dramatic feature near 30 K.

We found that both forms of BaRuOs show temperature dependent magnetoresistance. In
particular, the behavior in the 9R BaRuOs seems to correspond well with the behavior seen in
resitivity and magnetic susceptibilities. More specifically, the magnetoresistance of the 9R
BaRuOs was found to be negative, growing rapidly below 30K. In comparison, the
magnetoresistance of the 4H BaRuOs was found to be positive, but becoming significant also
below 30K. The Hall coefficient was found to be linear as a function of magnetic field upto 8 T
and different in sign for 4H or 9R BaRuOs, suggesting that there were no ferromagnetic
instabilities in either form. Nevertheless, the magnetic fluctuation in 9R BaRuOs is very different
from that in 4H BaRuOs at low temperatures, consistent with the magnetic susceptibility and
resistivity results described above. Furthermore, the Hall coefficient was found to be nearly
temperature independent for the 4H but not the 9R, suggesting that the 4H BaRuOs is a good
metal but the 9R is not.

The above observation is related to the structural features in these two forms of BaRuOs. The
9R form consists of units of three RuOs octahedra sharing faces in a partial chain, with a Ru-Ru
distance of 2.529 A, facilitating a metal-metal bonding. Each of these triple units of octahedra is
connected to its neighbors along the hexagonal axis by perovskite-like corner sharing with the



nearly 180-degree Ru-O-Ru bonds. The stacking pattern repeats after 9 octahedra. The 4H form,
on the other hand, consists of units of two octahedra sharing faces connected to each other by
perovskite-type corner sharing. The stacking pattern along the hexagonal axis repeats after 4
octahedra. The distance between two Ru ions in the two face-sharing octahedra in the 4H
BaRuOs is 2.537A. Both the 9R and the 4L forms of BaRuOs possess certain effective one
dimensionality in the crystalline structure because of the presence of chains. In addition, both the
4H and the 9R BaRuOs feature a metal-metal bonding because of the very short Ru-Ru distance,
leading possibly to the formation of local moments, resulting in the difference between the direct
Ru-Ru and that of the oxygen mediated Ru-O-Ru interactions, and consequently, differences in
electronic and magnetic properties.

The above result is published in Phys. Rev. B2,

2. Orbital ordering transition in ionic liquid-gated CasRu207 surface

While strontium ruthenates in the Roddelsden-Popper (R-P) series of Srn+1RunOzn+1 are all
metals, the calcium ruthenates are more strongly correlated than their strontium ruthenate
counterparts, featuring metallic as well as insulating behavior accompanied by magnetic and
structural phase transitions. In particular, the bilayer calcium ruthenate, CasRu20v, features a
band-dependent Mott metal-insulator transition (MIT) at 56 K, followed by a structural transition
at 48 K as the temperature is lowered. Furthermore, a bulk spin valve behavior featuring colossal
magnetoresistance was discovered, which was attributed to the existence of strongly spin-
dependent resistive states in CasRu207. The application of an in-plane field leads to a spin-
reorientation as well as a resistive transition.

FIG. 1: a) Optical image of a CasRu207 ake supported by a Si/SiOz substrate. Dashed lines
outline location of photoresist window to be patterned; b) Optical image of a device completed
on the same flake with electrical contact made on the surface of the flake using a window
through hard-baked photoresist; ¢) Schematic of the side-view of the device, including the
coplanar ionic liquid gate (G) setup, with two of the six contacts acting as source (S) and drain
(D).

We pursued the fabrication and measurements of ionic liquid gated Hall bar devices



prepared on very thin CasRu207 fakes exfoliated from a bulk single crystals that were grown by
a floating zone method (Fig. 1). We found that our process yielded two types of devices, Type A
and Type B, where Type A devices are referred to those with their electrical transport properties
dominated by c-axis transport and Type B devices by in-plane transport properties. Bulk
physical phenomena, including a magnetic transition near 50 K, a structural and orbital ordering
transition at a slightly lower temperature, as well as a highly unusual metallic state as the
temperature is further lowered, were found in both types of devices (Fig. 2).

Interestingly, the Shubnikov-de Haas oscillations were found in Type A devices. These
oscillations are consistent with those found in the bulk, suggesting that our Type A devices are of
sufficient good quality. However, the same quantum oscillations were not observed in Type B
devices. This is consistent with the idea that Type A devices are dominated by c-axis transport
which is not sensitive to disorder on the surface while Type B devices are dominated by in-plane
transport which most likely are subject to enhanced disorder on the flake surface. The most
important result is that the ionic liquid gating of a Type B device did seem to lead to a shift in
critical temperature of the structural and orbital ordering transition, suggesting that such a
transition can be tuned by the electric field effect.

FIG. 2: a) Resistance R vs: temperature T in a CasRu207 flake with low-T behavior dominated
by c-axis transport; b) dR/dT vs: T, calculated numerically from (a), highlighting complex
transition behavior at low temperatures; ¢) R vs: T in a CasRu207 flake with low-T behavior
dominated by in-plane transport; d) dR/dT vs: T, calculated numerically from (b).
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