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High-quality single crystals of A-site ordered perovskite oxides CaCuzRuysOj; were synthesized by flux method with
CuO serving as a flux. The typical size of these single crystals was around 1 x 1 x 1 mm?® and the lattice constant was
determined to be 7.430+0.0009 A by using x-ray single crystal diffraction. The surfaces of the samples were identified to
be (100) surface. The high quality of the single crystal samples was confirmed by the rocking curve data which have a full
width at half maximum of approximately 0.02 degree. The x-ray photoelectron spectroscopy measurement was performed
and the temperature-dependent specific heat, magnetic susceptibility, and electric resistivity were measured along the [100]
direction of the single crystals. All these measurements showed that the physical properties of CaCuzRu401, single crystals
are similar to that of polycrystals. However, the single crystals have a lower Curie susceptibility tail and a smaller residual
resistivity than polycrystals, which indicates that the amount of paramagnetic impurities can be controlled by tuning the

number of defects in CaCuzRu 01, samples.

Keywords: heavy fermion, single crystal growth, d electron oxides, perovskites

PACS: 75.30.Mb, 81.10.-h, 71.27.4a, 74.70.Pq

1. Introduction

A-site ordered perovskite oxides AAgB4012 have at-
tracted much scientific attention due to their significant phys-
ical properties.['] By changing ions at B sites, distinct
properties can be introduced to these oxides with identi-
cal crystal structure. For example, in a CaCu3zB4Oq, sys-
tem, filling B sites with Ti atoms results in a giant dielec-
tric material with an antiferromagnetic order,'?! while Mn
atoms at B sites lead to a giant magnetoresistance ferromag-
netic material.[>* Moreover, different from these two ox-
ides, CaCu3RU4012[5J is a metal without magnetic ordering
down to 50 mK, and is considered as an electrode material for
CaCu3TisO1; capacitors. (6]

Labeau er al.”! first synthesized polycrystalline samples
of CaCuszRu40; and established it to have metal-like con-
ductivity. Subramanian et al.'3! claimed that the conductivity
of CaCuzRu4O1; is higher than those of metallic ruthenium
oxides CaRuOs3 and SrRuOs3. Furthermore, a comprehensive
study of Kobayashi et al.l’! revealed some novel properties
in this kind of ruthenium compounds: i) the electric resistiv-
ity is proportional to T2 between 2 K and 30 K, indicating a
Fermi liquid behavior; ii) the temperature-dependent magnetic
susceptibility shows a Pauli metallic paramagnetic behavior,
but the value of the susceptibility is higher than that of free
electrons by two orders of magnitude at the room temperature.
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Meanwhile, a broad peak of the magnetic susceptibility ex-
ists at around 200 K; iii) the electron specific heat coefficient
of CaCuszRuy0q; is 84 mJ/(m01~K2), which is 20-30 times
greater than that of free electrons. This implies an enhanced
effective mass of electrons and a large density of states at the
Fermi level. Moreover, it is reported that many heavy fermion
systems show non-Fermi liquid (NFL) properties below a cer-
tain temperature.!°~1?) Similar NFL behavior was observed in
CaCusRu401; below 2 K as well.[13] In addition, NMR/NQR
measurements, combined with neutron powder diffraction and
electronic state calculations, argued CaCuszRusO, as an ex-
ample of a transition-metal oxide with intermediate valence
behavior. 4]

The physical origin of the enhanced effective mass of
electrons in CaCuszRu401; is still under debate. Compared to
the typical heavy fermion system, such as CeSn3, Kobayashi et
al.P! categorized CaCuzRu4015 as a d-electron heavy fermion
system with Kondo scenario interaction between local Cu’*
electrons and itinerant Ru** electrons. Studies on photoelec-
tron spectroscopy supported the Kondo scenario for the obser-
vation of a resonance-like peak at the Fermi level.[!>-1¢] How-
ever, the evidence in NQR/NMR measurements denied the ex-
istence of a Cu localized moment,!'”! and thus opposed the
Kondo scenario. The investigations of the aliovalent substi-
tution in ACuzRusO;, (A = Na, Nag5Cags, Ca, CagsLags)
also questioned the Kondo effect as the dominant origin of
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the effect mass enhancement. Instead, these investigations re-
vealed the importance of the electron correlations in Ru 4d
shell. [18:19]

Single crystal samples, in which the effect of grain bound-
aries can be eliminated, are essential in understanding the in-
trinsic properties of a crystalline system. Angle resolved pho-
toemission spectroscopy (ARPES) on samples of high-quality
single crystals with identified crystalline surface can offer di-
rect information of electronic structure around the Fermi sur-
face and provide insight of the mechanism of the enhanced
effective electron mass of CaCuzRus01,. Moreover, thermal
conductivity measurements, which can be further evidence for
its NFL ground state below 2 K, also require samples of high-
quality single crystals. Flux-grown CaCuzRu4O1; single crys-
tals have been synthesized by two groups of Labeau!”! and
Krimmel,!"3! respectively, which were mainly used to identify
the crystalline structure. However, the systematical measure-
ments of physical properties on single crystal CaCuzRusO1>
are lacking. To our best knowledge, all the measurements re-
ported on CaCuzRuy01y were carried out on polycrystalline
samples except for the electric resistivity below 2 K.[?°! In
Ref. [20], the resistivity of single crystal CaCuzRu4Oj; at 2 K
is 1260 puQ-cm, which is about 11 times of the resistivity of
the polycrystalline sample previously reported by the same
group. 3! This value is also much higher than that of the poly-

5.15121 The origin

crystalline samples reported by other group
of this abnormal phenomenon has not been discussed yet.

Recently, we have synthesized single crystals of
CaCu3zRu401; by flux method. The typical size of the single
crystals is around 1 x 1 x 1 mm?3. X-ray diffraction (XRD) and
rocking curve measurements confirmed the crystals to be high
quality single crystals of CaCu3Ru40;, with (100) surface. In
this paper, we reported the x-ray photoelectron spectroscopy
(XPS) spectra of these single crystal samples. Specific heat,
magnetic susceptibility, and electric resistivity along the [100]

direction of these single crystal samples are also reported.

2. Experiment

Single crystals of CaCu3zRusO;1, were grown by flux
method with CuO serving as flux. High-purity CaCOs;
(99.95%, Alfa Aesar), RuO; (99.95%, Alfa Aesar), and CuO
(99.7%, Alfa Aesar) were used as raw materials. The mole
ratio of these three kinds of oxides is 1:4:15. Raw materials
were mixed thoroughly by ball milling for 12 hours, and then
dried for later use. The reaction is described by

CaCOj3 + 3Cu0O 4 4Ru0,;—CaCuszRus0;; + CO, 1.

The heat treatment consists of the following processes:
i) the raw materials were heated from room temperature to
1000 °C in 2 hours, then heated from 1000 °C to 1175 °C
in 1 hour; ii) the samples were kept at 1175 °C for 10 hours;
iii) the samples were cooled from 1175 °C to 1075 °C at a

rate of 1 °C per hour; iv) the samples were cooled to room
temperature without control. After that, the product was sunk
in the dilute HCl (1N) solution to separate the single crys-
tal from melted CuO. Subsequently, the single crystals were
picked out, washed by distilled water, and dried. These sam-
ples were labeled by single crystal #1.

For comparison, another batch of single crystals
CaCusRusO1, were grown by the same process stated above,
but with lower purity raw materials (CaCO3 (99.9%, Ruike),
RuO; (99.5%, Ruike), and CuO (99%, Ruike)). These sam-
ples were labeled by single crystal #2. We also synthesized
polycrystalline CaCuzRu4O1, by conventional solid state re-
action process reported in Ref. [6].

Conventional x-ray diffraction (XRD) employing Cu Ko
radiation (A = 1.54 A) (PhilipsX’Pert) was used to identify
the crystal structure of the sample and the Miller indices
of the surfaces. The measurements of x-ray rocking curve
with @ scanning were performed in the (400) plane of the
CaCuzRu4Oq, single crystal. The x-ray single crystal data
were collected with full square routine on a Bruker SMART
APEXII diffractometer using Mo Ka source (A = 0.71073 A).
X-ray photoelectron spectroscopy (XPS) measurements were
carried out on a Thermo Fisher ESCALAB 250Xi instrument
with a monochromatic Al Ko (1486.68 eV) x-ray source, and
the samples were measured under an ultrahigh vacuum. The
energy resolution was about 0.45 eV. The binding energies
were calibrated using the C (1s) carbon peak (284.8 eV). All
the high-resolution spectra were obtained under CAE mode
with a pass energy of 20 eV and a step size of 0.05 eV.

The specific heat measurement was performed by phys-
ical properties measurement system (PPMS) commercial de-
vice (Quantum Design) from 2 K to 300 K with the relaxation
method. The magnetic susceptibility along the [100] direc-
tion from 3 K to 300 K was measured using a commercial su-
perconductor quantum interference device (SQUID, Quantum
Design, PPMS). The resistivity along the [100] direction was
measured by four-point probes method from 2 K to 300 K.

3. Results and discussion

Figures 1(a) and 1(b) display the pictures of one of the
CaCuzRu4O1, single crystal #1 synthesized by higher pu-
rity raw materials and one of the single crystal #2 synthe-
sized by relatively lower purity raw materials, respectively.
Both of them are black crystal with a bright surface. The
size of the single crystal in Fig. 1(a) is about 1 x 1 x 1 mm?,
while the size of the single crystal in Fig. 1(b) is about
0.5 x 0.5 x 0.5 mm?>. These are the typical size of single crys-
tal #1 and single crystal #2, respectively.
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Fig. 1. (color online) CaCuszRusOjysingle crystal (each grid is
1 mmx 1 mm): (a) single crystal #1, (b) single crystal #2.

As well as the difference in size, single crystals #1 and #2
also show different crystal patterns. All the surfaces of sam-
ple #1 are smooth and the edges are clear-cut. However, the
surfaces of sample #2 are rough and the edges are blurry. Dif-
ferent crystal patterns may mainly results from different impu-
rity concentration of raw materials according to the Kubota—
Mullin model. "]

The conventional XRD pattern of single crystal #1 is
shown in Fig. 2. The sharp peaks of Bragg diffraction are
indexed to be (200) and (400) plane of CaCuszRu4O1,, indi-
cating that the single crystal is well crystallized. Figures 3(a)
and 3(b) show the rocking curve of (400) Brag peak of the
CaCu3zRu401; single crystal #1 and single crystal #2, respec-
tively. The full width at half maximum of single crystal #I
is approximately 0.02 degree, while that of single crystal #2
is about 0.07 degree, indicating that the quality of the single
crystal #1 synthesized by high-purity raw materials is better
than that of single crystal #2 synthesized by relatively poor raw
materials. Based on the data collected by single crystal x-ray
diffractometer, the diffraction patterns were identified to be in
the cubic space group /m3 and the lattice parameter was deter-
mined to be 7.4340.009 A, which is comparable to previously
reported polycrystalline value of 7.412-7.421 A [17:20.22]
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Fig. 2. X-ray diffraction patterns of CaCuzRu4O, single crystal #1.

The XPS spectra of the single crystal #1 are given in
Fig. 4. Figure 4(a) shows XPS results for Ca 2p3, core level
with an intense peak at binding energy of 346.1 eV, which is
consistent with the spectra of Ca0, >3l implying that Ca ion in
the sample is divalent.

single crystal # 1 (a)
CaCusRu 012 (400)
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0
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>
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Fig. 3. (a) Rocking curve of (400) Brag peak of CaCuzRusOj, sin-
gle crystal #1. (b) Rocking curve of (400) Brag peak of CaCu3RusO1;
single crystal #2.

Figure 4(b) shows the XPS result of Cu 2p core level. It
displays a satellite structure (labeled as A), a shoulder struc-
ture (labeled as B), and a well-screened structure (C). Both the
position and the shape of the peaks agree with those reported in
polycrystalline CaCuzRu;015."%! The line shape of the satel-
lite structure is similar to those observed in CuO and Lay; CuQy,
indicating the valence of Cu ions is close to 42.[15:16] The
satellite structure is derived from charge transfer excitation
from the O 2p orbitals to the empty Cu 3d orbitals.!'>16] In
addition, the shoulder structure B and the well screened struc-
ture C arise from d'°L (L represents an O 2p hole) and d'°,
respectively.[15-24]

Ru 3d core level of XPS of the single crystal #1 at room
temperature is shown in Fig. 4(c), which is consistent with
those reported in polycrystalline CaCu3Ru4O1,.['5 The spec-
tra show a double peak structure consisting of a poor-screened
peak (A) at about 282.3 eV and a well-screened peak (B) at
around 281.0 eV, respectively, which result from the screen-
ing of Ru 3d cores by conduction electrons.!*! The posi-
tions of the peaks are consistent with those of Ru 3ds/, for
Ru0, % and SrRu03,!>! which implies that the valence of
Ru ions is close to +4. It is worth noting that in metallic
ruthenium oxides, such as SrRuO3; and SrRu;Qy4, the well-
screened peak is dominant, but in insulating Ru oxides, such as
CayRuOQy, the poor-screened peak becomes dominant.[?7-281 In
CaCusRu4O1; single crystal, the intensity of the well-screened
peak is more dominant than those in StTRuO3z and SrRu,O4,
indicating that the Ru 4d electron in CaCu3Ru401; is more
itinerant compared with those in StRuO3 and SrRu;,0Oy4.
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Fig. 4. (a) Ca 2p photoemission spectra of single crystal #1 taken at room temperature. (b) Cu 2p photoemission spectra of single crystal #1
taken at room temperature. (c) Ru 3d photoemission spectra of single crystal #1taken at room temperature. (d) O 1s photoemission spectra of
single crystal #1 taken at room temperature. (c¢) Valence band of XPS spectra of single crystal #1 taken at room temperature.

As shown in Fig. 4(d), O 1s XPS spectra of CaCuzRusO1»
single crystal exhibit a strong peak at 529.6 eV and a weak
peak at 532.1 eV, which associates with surface hydroxides,
respectively.[>”] The shape and the position of the peaks are
consistent with those in CuO and RuO;, indicating the valence
state of O is —2.

Figure 4(e) shows the valence band spectra of
CaCuzRusO;, measured by XPS, which can be compara-
ble to that of polycrystalline CaCu3Ru4O15.['>1%! Three main
structures can be observed, labeled as A, B, C, respectively.
Based on XPS result of polycrystalline CaCugRu4012,[15’16]
the broad structure (labeled as A) at about 5.2 eV below Ef,
the peak at about 2.9 eV below Er (labeled as B), the peak
at about 0.8 eV below Ef (labeled as C), stem from the O 2p
band, the Cu 3d band, the Ru 4dty, band, respectively. Our
experimental results of valence state also agree with the calcu-
lated density of state of CaCu3Ru4O1. The peaks A, B, and
C correspond to the peaks A, B, and C shown in the Ref. [30].

Figure 5 illustrates the specific heat (Cp) of the
CaCu3Ru401; single crystal #1 versus T from 2 K to 300 K.
As shown in the insets of Fig. 5, Cp/T shows linear depen-
dence on T2 below 8 K. This linear dependence can be fit-
ted to Cp/T = y+ BT?, where 7 is the electron contribution
and BT? is the phonon contribution. Our fitted y of single
crystal CaCuzRus015 is 90 mJ/f.u.-mol-K2, and the fitted B
results in a Debye temperature @p of 280 K. For the poly-
crystalline CaCuzRusOy;, 7y is 85 mJ/f.u.-mol-K2, while the
Debye temperature is 344 K. The y values of both samples

are 20-30 times greater than that of free electrons, reveal-
ing an enhancement of effective electron mass. It is also
in good agreement with previously reported value of poly-
crystalline CaCuzRusO1, (84-92 ml/f.u.-mol-K?)>131 and
83.1 mJ/f.u.-mol-K? calculated by first-principle method.*!]
However, we note that the Debye temperature @p (280 K) of
the single crystal #1 is lower than 344 K of our polycrystalline
sample, and far lower than 451 K and 500 K of the polycrys-

talline samples previously reported by Krimmel and Tanaka et
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Fig. 5. (color online) Specific heat (Cp) of single crystal

CaCuzRuyOp,#1 versus T from 2 K to 300 K (main frame). The left and
right insets show Cp/T onT? scale of single crystal CaCuzRusO1, #1
and polycrystalline CaCuzRus O, below 8 K. The solid lines represent
fitting data to Cp /T = y+ BT>.
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Figure 6 shows the magnetic susceptibility x(7') of the
CaCu3Ru401, single crystal #1, single crystal #2, and poly-
crystal as a function of temperature from 3 K to 300 K. The
strength of the external magnetic field is 1 Tesla and it is
applied along the [100] direction of the single crystal sam-
ples. For the CaCusRu4O1; single crystal #1, y(T') is identical
when H is perpendicular and parallel to [100] direction, which
suggests that the magnetic ground state has a cubic symmetry.

44l . CaCuzRuy0q2 single crystal #1 H||a

(a)
4.2t

40F =
3.8F

3.6
5.5

CaCu3zRu 012 single crystal #2 Hl|a
5.0 (b)

4.5

x/10~% emu-f.u.~!-mol—!

6.0 CaCuszRuys015 polycrystal ©)
55

5.0

4.5

4.0
3571

0 100 200 300
T/K

Fig. 6. (color online) (a) Temperature-dependent magnetic susceptibil-
ity of single crystal CaCuzRusO1, #1 for H || a axis under H =1 T.
(b) Temperature-dependent magnetic susceptibility of single crystal
CaCuzRus01; sample 2 for H || a axis under H = 1 T. (¢) Temperature-
dependent magnetic susceptibility of polycrystalline CaCuzRusOj, un-
derH=1T.

The shape of all the x(7T) in Fig. 6 agrees well with
the previous reports of the CaCuzRusO1, polycrystalline
samples,!>!” which consist of a peak and a paramagnetic tail.
However, the position of the peak and the value of the para-
magnetic tail at 3 K are different for different samples. The
magnetic susceptibility of the polycrystal shows a broad peak
around 160 K and the tail reaches 6.16 emu/f.u.-mol at 3 K.
For the single crystal #2, the broad peak is about 150 K, while
the tail drops to 5.32 emu/f.u.-mol at 3 K. For the single crystal
#1, the peak position shifts to 180 K and the value of magnetic
susceptibility decreases to 4.40 emu/f.u.-mol at 3 K. The para-
magnetic tail of susceptibility of CaCu3Rus01; at low tem-

perature mainly results from paramagnetic impurities.>! The
smallest tail value at 3 K reveals that the single crystal #1 has
the fewest paramagnetic impurities. In Kondo scenario, the
broad peak is a result of the coupling between Cu* ions and
Ru 4d electrons, while the position of the peak implies the
strength of the coupling. Among all the samples, the peak po-
sition of the single crystal #1 occurs at the highest temperature.
This indicates that the defects and/or paramagnetic impurities
in CaCu3Ru4 01, may weaken the coupling between Cu?* ions
and Ru 4d electrons.

1600 ARt
) . . e 32 i}
2 = " 28 <
< S| o <
1200 |- . 26
L 0 400 800
| T2/K?
g | ® CaCuzRu40,; single crystal #1
C}; 800 | ® CaCuzRuyOy; single crystal #2
E I A CaCu3zRusO, polycrystal
400
O —
1 . 1 . 1 . 1 . 1 . 1 . 1
0 50 100 150 200 250 300
T/K
Fig. 7. (color online) Temperature-dependent resistivity of

CaCuzRuyO1y single crystal #1, single crystal #2, and polycrys-
tal from 2 K to 300 K. The electrical current is along the [100] direction
for single crystal #1 and 2#. The left inset shows the resistivity of
single crystal CaCuzRuyO1, #1, #2 versus T2 below 30 K, and the right
inset shows that of polycrystalline CaCuzRusO;, versus T2 below
30 K. The solid lines represent fitting data to p = po +AT>.

Figure 7 displays the electric resistivity of the
CaCusRu401, single crystal #1, single crystal #2, and poly-
crystal. The temperature range is from 2 K to 300 K and the
electric current is along the [100] direction for single crystals
#1 and #2. In the entire temperature range, the resistivity de-
creases as the temperature drops for all three samples. This
further confirms that CaCusRu401, is a metallic oxide. As
shown in the insets of Fig. 7, below 30 K, the resistivity of
all three samples satisfy the relation p = py +AT?, implying
a typical Fermi liquid characteristic. For the single crystal
sample #1, the residual resistivity pg is 14 uQ-cm, and the
coefficient A is 2.5 nQ-cm/K?. For the single crystal sample
#2, the residual resistivity pg is 117 pQ-cm and the coefficient
A is 18 nQ-cm/K?2. For the polycrystalline sample, the residual
resistivity po is 27 uQ-cm and the coefficient A is 6 nQ-cm/K>.
It is worth noting that the resistivity at all temperatures of the
polycrystalline sample is greater than that of single crystal
#1, but less than that of single crystal #2. Krimmer ez al.[13-20]
also found that the resistivity of single crystal samples is about
11 times that of polycrystal samples in their works. This may
result from flux remnants or microcracks which exist in the
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low-quality single crystal.[*!l It shows that high-quality sin-
gle crystal is essential in measuring the intrinsic properties of
CaCu3Ru4012.

Based on the results above, the Kadowaki—Woods ratio
A/ )/2 of the CaCu3Rus01;, single crystal #1 is determined to
be 0.5 x 107 uQ-cm (K-mo-Ru/mJ)?, where A is the quadratic
term of the resistivity, and v is the electron specific heat coeffi-
cient, basically satisfying the Kadowaki—Woods ratio of heavy
fermion systems, *?! while the Wilson ratio is given by

_ m*kx (0)  mhgx (3K)
~ 3pgy(0)  3ugy(0)

where ¥ (3 K) is the magnetic susceptibility at 3 K and y(0) is

= 3.6,

the electron specific heat coefficient. This is also close to that
of other heavy fermion systems. Therefore, our results of the
single crystal confirm that CaCu3zRu401; is a heavy fermion
system.

4. Conclusions

High-quality single crystals CaCuzRusOj> have been
The
size of single crystal CaCuzRu4Oj; reaches 1 x 1 x 1 mm?>

synthesized by the flux method with CuO as a flux.

for the first time. The size is big enough for x-ray diffrac-
tion, which identifies the surface as (100) surface, while the
rocking curve of the (400) Brag peak of the CaCu3zRusO;
single crystal shows that the full width at half maximum is
approximately 0.02 degree, implying the high quality of the
single crystal. In addition, the systematical measurements
of properties of CaCuszRu4O1, single crystal, namely, mag-
netic susceptibility and electric resistivity along the [100] di-
rection and temperature-dependent specific heat, are reported
for the first time. All the results show that the single crystal
and polycrystalline CaCuzRusO;, were similar in metal-like
ground state, Fermi liquid behavior between 2 K and 30 K,
and enhanced effective mass of electron, which further con-
firms that CaCuzRu4O1, is a heavy fermion system. Other
than these similarities, the single crystals have a lower Curie
susceptibility tail and a smaller residual resistivity than poly-
crystals, which indicates that the amount of paramagnetic im-
purities can be controlled by tuning the number of defects in
CaCu3zRu401, samples.
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