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Layered honeycomb compound SrRu;Og has drawn great attentions because of the unconventional
magnetism with a rather high Ne’el temperature and small ordered moments. Here we report the
optimization of synthesis parameters for SrRuOg samples based on the hydrothermal method. The
synthesis conditions were tuned carefully in terms of reaction temperature, time of duration, alkalinity
and so on. The resultant samples were characterized using the scanning electron microscope, powder x-
ray diffractometer, magnetic susceptibility measurements and pressure. We found that SrRu;Og can be
synthesized at the temperature as low as 140 °C and an appropriate long reaction time can increase the
grain size to about 20 pm. The shrinkage of the crystal lattice under high pressure shows an anisotropic
behavior. Moreover, the band gap decreases with the increase of the pressure up to 3.0 GPa. Our results
here supply an important platform for the further investigations of this system.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Recently, honeycomb ruthenate SrRu,Og, which has a quasi-
two-dimensional crystal structure with the space group P31m,
attracted intensive investigations due to its’ interesting magnetic
properties [1—11]. G-type antiferromagnetic (AF) ordering with a
rather high Ne'el temperature Ty =565K was confirmed by
magnetization and neutron powder diffraction measurements
[2,3]. Interestingly, this material was found to be a unique system
with high Ne’el temperature but small ordered moments because of
the coexistence of localized and itinerant electrons [4]. Similar
coexistence of large local moments and small ordered magnetic
moments was only reported in Fe-based superconductors [12,13].
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From the structural point of view, this compound reveals the
PbSb,06-type structure, which consists of alternating layers of
edge-sharing RuOg octahedra and interlayed Sr>* ions in a hexag-
onal unit cell [1] (see Fig. 1a). On the other hand, exploring new
classes of superconducting materials with the transition tempera-
ture T, comparable to, or greater than, the cuprate [14,15] and iron-
based superconductors [16,17] is one of the major scientific chal-
lenges in the field of condensed matter physics and material sci-
ence. Many efforts from both the experimental and theoretical
sides were made to resolve this issue [18—22]. In the unconven-
tional superconducting systems like cuprates and Fe-based super-
conductors, magnetism and superconductivity were found to be
closely related and AF fluctuation was believed to be the glue in the
formation of Cooper pairs [7,23]. By combining the behaviors of
cuprates and heavy fermion superconductors, a positive correlation
between the superconducting transition temperature T, and the
strength of the interaction between the nearest neighbor local
moments in their parent AF state was revealed by Pines and it was
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Figure 1. (color online) (a) Structure of SrRu,0g. (b) Powder X-ray diffraction patterns
of SrRu,0g synthesized at different temperatures. All the peaks can be indexed to the
honeycomb structure of SrRu,0¢. No impurity phase can be detected.

believed that a material with a high Ne’el temperature had the
potential to become a high-T, superconductor when its properties
were tuned by doping and/or pressure [24]. From this point of view,
the SrRu;Og material is also worth the in-depth investigations
because of the high value of Ty. Moreover, because of the layered
structure, the AF order may be easily destroyed by quantum reg-
ulations, which is conducive to the occurrence of superconducti-
vity. Actually, the potential to become the parent of a new
superconductor of this compound has been pointed out by the
theorists [7]. Currently, this compound can only be prepared by the
hydrothermal method. However, a detailed investigation for the
optimization of synthesis parameters and quantum regulations on
this system is still lacking.

In this paper, we report the optimization of the hydrothermal
synthesis conditions and the structure characterizations of the
honeycomb ruthenate SrRu;Og. It is found that the reaction tem-
perature, time of duration and alkalinity of the solution can affect
the purity and crystal size of the products. Moreover, the me-
chanical pressure shows an anisotropic effect on the crystal struc-
ture. The electronic structure can be influenced and the band gap is
found to be suppressed by the pressure.

2. Materials and methods
2.1. Synthesis of SrRu0¢g

SrRu,0g samples was synthesized by hydrothermal method [1].
We have tuned the reaction conditions including heating temper-
ature, time of duration, alkalinity and so on. In a typical synthesis,
1 mmol SrO and 1 mmol KRuO4 were successively added into the
10 mL deionized water by stirring for 30 min, and then the solution

was poured into 25 mL Teflon-lined autoclave and heated up to
200°C for 1 day. The reacted precipitate was cleaned with deion-
ized water and 15 mL dilute HCI aqueous solution to remove SrCO3
(a by-product of excess SrO). Finally, dried black powders of
SrRu;,0g polycrystalline samples were obtained. We have also tried
lowering the reaction temperature to 140°C, 170°C for 1 day to
optimize hydrothermal synthesis conditions. In addition, we found
that the product was influenced by the alkalinity of hydrothermal
reaction solution with adding 30, 60, and 120 mmol NaOH. In order
to obtain large sized SrRu,Og crystals, increasing the hydrothermal
reaction time (5, 8, 18 days at 200°C) was also adopted. The
detailed information about the agent amounts and reaction con-
ditions in our experiments are summarized in Table 1 and Table 3.

2.2. Characterization and property measurements

The crystal structure was checked by powder x-ray diffraction
(PXRD) measurements at room temperature using a DX-2700
diffractometer with Cu K, radiation. High pressure x-ray diffrac-
tion experiments with a wavelength of 0.4337 A were performed in
a symmetrical diamond anvil cell (DAC) at 13-BMC of the Advanced
Phonon Source (APS), Argonne National Laboratory (ANL). Neon
was used as the pressure transmitting medium. Pressure was
determined by using the ruby fluorescence method. The
morphology of the samples was characterized by JSM-6510 scan-
ning electron microscope (SEM). The dc magnetization measure-
ments were done with a magnetic property measurement system
(Quantum Design, MPMS 3).

2.3. First-principle calculations

The first-principles calculations presented in this work were

Table 1
Raw materials, the reaction conditions (including temperature and time), and the
yield for the material synthesis.

SrO (mmol) KRuO4 (mmol) H,O (mL) Temperature (°C) Time (day) Yield (%)

1.0 1.0 10 140 1 16.5
1.0 1.0 10 170 1 26.1
1.0 1.0 10 200 1 711
1.0 1.0 10 200 5 76.2
1.0 1.0 10 200 8 75.3
1.0 1.0 10 200 18 73.2
Table 2
Lattice parameters for SrRu,0¢ obtained under different synthesis conditions.
Temperature (0C) Time (day) a(A) c(A)
140 1 5.2053 5.2209
200 1 5.2069 5.2299
200 8 5.2076 5.2278

Table 3
Raw material, PH values and the corresponding products for the material synthesis.
The reaction condition is fixed to 200°C and 1 day.

NaOH SrO KRuO4 H,0 pH Products

(mmol) (mmol) (mmol) (mL) value

0 1.0 1.0 10 133 SrRu,0¢

30 1.0 1.0 10 14.5 SrRu3019

60 1.0 1.0 10 14.8 SrRu3019+SrRuO3
120 1.0 1.0 10 15.1 SrRuO3
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Table 4

Lattice parameters for SrRu,0g under different pressures.
Pressure (GPa) a(A) c(A)
0 5.2044 5.2163
0.7 5.2010 5.1872
3.0 5.1875 5.0961

performed using the all-electron full potential linear augmented
plane wave plus local orbitals method [25] as implemented in the
WIEN2K code [26]. The exchange-correlation potential was calcu-
lated using the generalized gradient approximation as proposed by
Pedrew, Burke, and Ernzerhof [27]. The atomic internal coordinates
were optimized with fixed the lattice constants based on the
experimental parameters (see Table 4 in the main text).
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Fig. 2. Magnetic susceptibility as a function of temperature for two samples synthe-
sized under different conditions.
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3. Results and discussion
3.1. Effect of reaction temperature

The hydrothermal reactions were carried out at three different
temperatures for a fixed duration time, 1 day. The detailed infor-
mation was summarized in Table 1 (see the first three rows). The
crystal structure and phase purity of the products were checked
using the PXRD measurements at room temperature. The resultant
diffraction patterns can be seen in Fig. 1b. The products are rather
pure and all the diffraction peaks can be indexed to the honeycomb
PbSb,06-type structure with the space group P31m as shown in
Fig. 1a.

It is notable that even at the temperature as low as 140 °C, the
pure-phase SrRu,0g can be synthesized. However, the yield of the
product is found to be lower when the reaction temperature is
lower, as shown in the last column of Table 1. The yield of the
product is about 75% at 200 °C. The loss of the product mainly
comes from the cleaning and collecting process of the precipitated
product. Thus the reaction temperature 200 °C is sufficient and will
be adopted in the following investigations on the effects of reaction
time and the solution alkalinity.

We studied the magnetic property of samples synthesized at
different temperature. In Fig. 2, we show the magnetic suscepti-
bility data of two samples obtained at 140°C and 200 °C. The two
sets of data reveal the similar behavior and values in the whole
temperature region we measured, which indicates that the reaction
temperature has a small influence on the magnetic property of the
material. The evolution tendency as a function of temperature is
consistent with the previous report and the small upturn in the low
temperature has been attributed to uncompensated spins or tiny
impurities [1].

3.2. Effect of reaction time

In order to improve the phase formation and crystal size, we
tried the scenario with a much longer reaction time. The sample
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Fig. 3. The surface pictures of the samples taken with the SEM with different reaction time. (a) For 1 day. (b) For 5 days. (c) For 8 days. (d) For 18 days.
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Fig. 4. Powder X-ray diffraction patterns of SrRu,0¢ synthesized with different reac-
tion time. Mains peaks can be indexed to the honeycomb structure of SrRu;0g. Small
amounts of impurity phase from Sr,Ru3z0q9 are marked by the plus signs (+ ).

morphology was characterized using the scanning electron mi-
croscope. As can be seen in Fig. 3, typically the small crystals show
the hexagonal shape, which is consistent with the space group of
SrRuy0g. The maximum crystal size for the sample with the reac-
tion time of 1 day is about 15 pm (see Fig. 3a). As the reaction time
was raised to 5 days, the crystals can grow to a larger size, with the
maximum value 20 um (see Fig. 3b). For the case of 8 days, it was
much easier to find a large grain of about 20 um in a collection of
powder samples (see Fig. 3c), indicating a gradual increase for the
distribution of large crystals. With the reaction time further
increased, for example 18 days, the grain size became smaller (see
Fig. 3d). We note here that the maximum grain size around 20 pm
in the present work is several times larger than that reported by
other groups. In the work of Hiley et al. [1,2], the size of crystal
grains is smaller than 10 um.

Moreover, some grains with a rectangle shape, instead of the
hexagonal one, emerges when the reaction time is increased (see
the one denoted by the blue circled in Fig. 3d). The emergence of a
small amount of second phase was further confirmed by the PXRD
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measurements. As shown in Fig. 4, besides SrRu,0g as the main
phase, small diffraction peaks from the impure phase were also
detected (see the plus signs). A careful analysis showed that the
positions of the diffraction peaks for the impure phase was rather
consistent with the SryRu3019 compound, which shows a mono-
clinic symmetry [28,29]. The fact that the grain shape in the blue
circle in Fig. 3d is also very similar to the SEM picture of the
SryRu301 (see Fig. 5b) enhances the reliability of our judgment.
We also checked the possible influences of the synthesis tem-
perature and time on the detailed structure parameters. The lattice
parameters are obtained by fitting the PXRD data. In Table 2, we
present the results of the samples synthesized with three different
conditions: 140 °C-1 day, 200 °C-1 day and 200 °C-8 day. From the
data we can see that these synthesis conditions have little effect on
the crystal structure of materials: the a- and c-axis parameters
change by only 0.04% and 0.2% respectively. The reaction temper-
ature shows a relatively larger influence than the duration time.

3.3. Effect of solution alkalinity

By adding an additional amount of NaOH, we adjusted the
alkalinity of the reaction solution. As summarized in Table 3,
30 mmol, 60 mmol, and 120 mmol NaOH were added to the solu-
tion and the pH value can be tuned from 13.3 to 15.1. The reaction
temperature and time were fixed to 200 °C and 1 day respectively.
From the PXRD patterns shown in Fig. 5a, we can see that with
30 mmol NaOH added the products transformed to the monoclinic
SraRu301g (2-3-10) compound [28,29]. As the amount of NaOH was
increased to 60 mmol, the cubic SrRuO3 (1-1-3) phase [30] began to
emerge and we obtained a mixture of the 2-3-10 and 1-1-3 phases.
Only the 1-1-3 phase can be seen when the amount of NaOH was
further increased to 120 mmol. Fig. 5b and c displays the SEM
pictures for the obtained samples with the NaOH amounts of
30 mmol and 120 mmol respectively. The shape of the grain shown
in Fig. 5b is very similar to that observed in the 18 days condition
(see the circled grain in Fig. 3d), which can be attributed to the
SryRu3019 compound in combination with the PXRD results. As for
the products in Fig. 5c¢, it is a collection of cubic grains being
consistent with the SrRuO3 phase.

3.4. Effect of mechanical pressure

In order to regulate its electronic state, we carried out various
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Fig. 5. (a) Powder X-ray diffraction patterns of the resultant products synthesized with different solution alkalinity. Three phases, STRu;0g (1-2-6), Sr,Ru301¢ (2-3-10), STRuO3 (1-1-
3), can be formed under different conditions. (b)—(c) The SEM pictures for the products obtained with 30 mmol and 120 mmol NaOH respectively.
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Fig. 6. (a) Powder X-ray diffraction patterns of the SrRu;0g compound under different mechanical pressures. The small peak indexed by the asterisk comes from the gasket in the
high-pressure cell. (b) An enlarged view for the PXRD pattern near the main peak. The peak moves to right with the increase of pressure. (c) Pressure dependence of the lattice
parameters. The solid symbols are from this work and the open ones are cited from reference [1].

doping experiments on this material, including doping Ca and Ba
on the site of Sr, doping Co, Ni, Mn, V on the site of Ru, and so on.
Unfortunately, it seems that this material is very stable and none of
these dopants can be substituted to the lattice successfully. Alter-
natively, we tuned the crystal and electronic structure of SrRu,0g
by applying the mechanical pressure. The PXRD was measured
using the synchrotron radiation X-ray with the wavelength of
0.4337 A. As shown in Fig. 6a, the distribution of the diffraction
peaks remained unchanged with the pressure up to 3.0 GPa, and all
the peaks can be indexed to the structure of SrRu;0g. Meanwhile,
the positions of the peaks shifted slightly to the right direction,

indicating a shrinkage of the unit cell induced by the pressure. This
tendency can be observed more clearly in the enlarged view of the
PXRD data, which is shown in Fig. 6b. As the pressure was further
increased to about 6 GPa, additional diffraction peaks began to
appear (data not shown here) indicating a reduction of the lattice
symmetry. Due to the limited number and intensity of the peaks,
currently it is difficult to index them.

By using the software FullProf, we analyzed the PXRD data and
obtained the lattice parameters. The results were represented in
Fig. 6¢c and Table 4. The lattice parameters under ambient pressure
are roughly consistent with the previous report [1] and the result
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Fig. 7. The electronic band structure of G-type AF state for SrRu,0¢ under the pressures of (a) P=0 Gpa, (b) P=0.7 GPa, and (c) x = 3.0 GPa. (d) The pressure dependence of the

energy band gap. The dashed straight line is a guide for eyes.
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in Table 2. With the increase of pressure, both the a- and c-axis
lattice parameters displayed a roughly linear decrease. Quantita-
tively, the a-axis lattice parameter decreased slightly with the
pressure, accounting for a shrinkage of about 0.3% under 3.0 GPa. In
contrast, the c-axis lattice parameter was suppressed more obvi-
ously, by 2.3% under the same pressure. Such an anisotropic
behavior for the lattice shrinkage under pressure has been
observed in other layered materials [31—33], which reflects the
anisotropy of the chemical bond strength in these compounds.
Typically, the chemical bond within one layer is rather strong, while
that between neighboring layers is weak. This anisotropic response
of the crystal structure on the pressure is expected to affect the
electronic structure of this material.

In Fig. 7a—c, we show the energy band structures in the G-type
AF state [2,3] under various pressures. The low energy features of
electronic band structure remain almost unchanged with the
applied pressure. As shown in Fig. 7d, the main effect of the pres-
sure is to suppress the energy band gap. The magnitude of the
energy band gap decreases almost linearly as increasing the pres-
sure from 0 GPa (407 meV) to 3.0 GPa (365 meV). Following this
tendency, the band gap should be closed at around 29 GPa without
the occurrence of the structural phase transition. However, we have
observed the reduction of the lattice symmetry under the pressure
of about 6 GPa (data not shown here), suggesting that the structural
phase transition has taken place at a higher pressure.

4. Conclusions

In this work, layered honeycomb compound SrRu,;0g was syn-
thesized by the hydrothermal method. Reaction temperature, re-
action time, and solution alkalinity were tuned to explore the
optimum phase forming condition of this compound. It is found
that this compound can be synthesized at the temperature as low
as 140°C and an appropriate long reaction time can increase the
grain size. Further increasing the reaction time and the addition of
alkalinity will lead to the formation of other Ru-related compounds
like SrRu301¢ or StTRuO3. Moreover, the application of mechanical
pressure can suppress the size of the c-axis lattice parameter more
severely than the a-axis one. The band gap was found to be sup-
pressed by the pressure.
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