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Abstract: Perovskites SrxCai xCrOs attract much attention due to the controversy on the anomalous
electronic state. In this study, we synthesized a series of SrxCa1 xCrOs (0 < x < 1) single crystals under
high pressure and high temperature conditions with self-oxidization. The crystal structure was
determined using X-ray diffraction (XRD). With the increase of x, the structure transformed from
orthorhombic to tetragonal to cubic. Antiferromagnetism was observed except for SrCrOs, and the
Tn decreased with increased x. All samples demonstrated semiconductive behavior by electrical
resistivity measurement.

Keywords: high pressure; self-oxidization; single crystal; magnetic properties

1. Introduction

Compounds with a perovskite structure are widely researched for their simple crystal structure
and abundant emergent phenomena. ACrOs (A = Ca, Sr, and Pb) were first synthesized at high
pressure and high temperature conditions, and their basic physical properties were reported [1-4].
Further research was absent for a long period of time due to difficulties in sample preparation until
their anomalous electronic state and associated properties were discovered in recent years [5-7].

The crystal structure of CaCrOs is orthorhombic with space group Pbnm. The CrOs octahedron
was compressed along the c axis, accompanied by tilt and rotation. CaCrOs shows C-type
antiferromagnetic order with Tn = 90 K [1,8,9]. There exists some controversy on the electrical
transport measurement. Polycrystalline samples exhibit insulating behavior, and metallic behavior
occurs under high pressure [1,5,10]. However, Weiher et al. claimed that CaCrOs was metallic
through resistivity measurement on a single crystal [11]. Infrared reflectivity measurements on the
polycrystalline sample also showed that CaCrOs was an anomalous antiferromagnetic metallic oxide
[12,13]. Theoretical calculations with the local spin-density approximation (LSDA) and LSDA with
the on-site Coulomb correlations (U) were undertaken for CaCrOs. Both of these methods provided
the correct magnetic ground state, although the magnetic mechanisms were different. However, the
former method gives the metallic electronic structure while insulating for the latter one [14,15].
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SrCrOs was considered to be a Pauli paramagnetic metal with cubic crystal structure [2]. Recent
research on polycrystalline samples found that a structure phase transition occurred at low
temperature accompanied with antiferromagnetism [16,17]. A first-principles calculation based on
LSDA suggested that SrCrOs was a weakly correlated antiferromagnetic metal [18,19]. SrCrOs is more
metallic than CaCrO:s due to its less distorted crystal structure, while a similar controversy about the
electronic state also exists. Polycrystalline SrCrOs shows metallization only under high pressure
when the crystal structure remains cubic. Combined with that factor, SrCrOs becomes more
compressible when the pressure is above 4 GPa, when the pressure-induced electronic structure
transition to metallic phase occurs [5,20].

A polycrystalline SrxCai xCrOs solid solution has been reported previously. The crystal structure
transforms from orthorhombic to tetragonal to cubic with the increase of x. The samples are
antiferromagnetic except for the cubic phase ones. Insulating behavior was observed for all samples
and insulator-metal transition presents under high pressure [10,21-23].

Single crystal samples are essential to investigate the intrinsic properties of these compounds,.
There are many challenges in single crystal growth under high pressure, such as the small capsule
size, the difficulty in temperature control, and the restriction of control oxygen content since the Cr#
in (Ca,Sr)CrOs takes an intermediate valence in between the stable one of Cré* and Cr3*. Therefore, it
is difficult to obtain high quality and large single crystals grown under high pressure. In this paper,
high quality Sr«Ca1«CrOs (0 < x < 1) series single crystals with a size larger than 100 um are obtained
using self-oxidization method, and their basic physical properties are reported.

2. Results and Discussion

2.1. Crystal Growth and Structural Analysis

To obtain SrxCa1 xCrO:s single crystals, according to the synthesis conditions reported previously,
numerous attempts were made by changing the temperature. It is important to have the correct
precursor materials in order to obtain single crystals. The precursor materials for the SrxCai xCrOs
single crystals growth consist of high purity CrO: as well as Sr(Ca)O or Sr(Ca)O: powders in the
appropriate atomic ratio in order to achieve the optimal oxygen pressure at high pressure. This
oxygen control process at high pressure is named self-oxidization, since it comes from the
composition itself. The advantages of self-oxidization over those using special oxidizers such as
KCIOs or KClOs are: it involves no other elements, so one need not worry about the impurities or
unwanted reactions that often happen when using oxidizers; more homogenous sample is available
since the composition can be well mixed; it is easy to consistently tune oxygen by changing the atomic
ratio in precursor materials [24]. In the case of CaCrO;, it was grown as a bulk sample and the single
crystal is shown in Figure 1. In the polycrystalline sample, there were many small embedded cubic-
like crystals which could be picked out after the bulk sample was smashed. The optimal temperature
was very important: if the temperature was too low, there were no crystals inside, whereas if the
temperature was too high, the crystals stuck together and were difficult to isolate. The optimal
temperature varied with the content of Sr, so repeated attempts were necessary.
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Figure 1. SEM images of (left) the bulk sample; and (right) the single crystal of CaCrOs.

The crystal structures were first checked by powder XRD. Figure 2 shows the room temperature
XRD patterns of CaCrOs. The Rietveld refinement of powder XRD was done using the General
Structure Analysis System (GSAS) software package and provided a reliable result. The
polycrystalline sample showed a pure phase from which all diffraction peaks could be indexed. The
cubic-like single crystal was measured in three directions. The peak position along the c axis slightly
shifted to a higher degree due to the compression of the CrOs octahedron. The cleavage surface of the
single crystal was along the direction of the octahedron connection. The SrxCai1-xCrOs series single
crystal XRD patterns are shown in Figure 3. In order to display these patterns more clearly, the Kaz
peaks were subtracted. The peak position shifted to a lower degree with x, implying that the relative
lattice parameter increased with Sr doped. Two adjacent peaks were present in the Sr12Cai2CrOs
sample. A twin structure possibly formed in the crystal due to the high doping concentration.
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Figure 2. The room temperature XRD patterns of CaCrOs (a) powder XRD and Rietveld refinement;
(b) single crystal XRD of different directions.
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Figure 3. The room temperature XRD patterns of SrxCai1-xCrOs single crystals (Ka2 subtracted).
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The room temperature crystal structures of SrxCai1 xCrOs were determined by single-crystal XRD
measurement. Table 1 shows the details of structural information. With the increase of x, the crystal
structure transformed from orthorhombic to tetragonal to cubic, which was consistent with the
previous report [10]; the system became more symmetrical; and there was less distortion in the CrOs
octahedron. Figure 4 shows the sketch maps of the crystal structures with different space groups.

Table 1. Space groups and structural parameters of SrxCa1xCrOs.

X 0 1/6 1/3 1/2 2/3 1
Space group Pbnm Pbnm I4/mcm I4/mcm I4/mcm Pm3m Pm3m
a(d) 52702 (11) 53081 (9) 53484 (16) 53627 (3) 53785 (4) 3.8141 (1) 3.8146 (1)
b (A) 5.2933 (10)  5.3144 (7)
c(A) 74592 (15) 7.5033 (11)  7.567(3)  7.5655 (11)  7.599 (2)
<Cr-O-Cr> (deg) 160.01 172.76 180 177.37 180 180
Primitive cell V (A3)  52.02(3)  5292(3)  5412(5)  5439(2) 5496(2)  5549(1) 5551 (1)

Pbnm I4/mcm

Figure 4. Structural sketch maps of SrxCa1-xCrOs crystals with different space groups.

2.2. Magnetic Properties

The magnetic properties of the single crystals were measured for both the external field parallel
and perpendicular to the ab plane. The mass of the crystal was estimated by the volume and structure,
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as it is too small to weigh accurately. Only qualitative analyses on the susceptibility measurements
were conducted due to the large signal noise and the possible error on mass estimation.

The temperature and field dependence of magnetic moment (MT and MH) curves of CaCrOs
single crystals were measured under different applied field directions, and are shown in Figure 5.
Compared with the polycrystalline data reported previously, the single crystal data reveals a very
sharp transition at 90 K and obvious magnetic anisotropy. In the case of H parallel to the ab plane, a
ferromagnetic-like transition was presented below 90 K and under 1 T external field, with zero-field-
cooling (ZFC) and field-cooling (FC) curves completing the overlap. The magnetic hysteresis loop
measured at 60 K is also similar to ferromagnetic behavior. Reducing the field to 1000 Oe, the FC
curve was slightly depressed, while the ZFC curve dropped dramatically and showed
antiferromagnetic behavior. The magnetic moment under one tesla field at low temperature was
about 0.017 us per Cr#, which is a very small value, implying that it was not true ferromagnetism.
Considering the previous research showing that CaCrOs was C-type canted antiferromagnetism
[8,9,12], the ferromagnetic behavior should be attributed to the canted spin component, which
resulted from the lattice distortion. When H is perpendicular to the ab plane, the MT curves reveal
much weaker ferromagnetism and a smaller moment. The MH curves at temperatures below 90 K
showed behavior similar to a paramagnetic with weak magnetic order. The magnetic properties of
the SrCrQOs single crystal have been published elsewhere. No magnetic transition was observed at
low temperature in our sample [25].
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Figure 5. The MT and MH curves of CaCrO:s single crystal with different external field directions (a)
H//ab plane; (b) H L ab plane. FC: field-cooling; ZFC: zero-field-cooling.
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MT curves of samples x = 1/6 and x = 1/3 measured under 1 T external field are shown in Figure 6.
The magnetic anisotropy was observed in these two crystals. The ZFC and FC curves were separated
below the magnetic transition temperature. The platform in the MT curves was similar to CaCrOs,
which was induced by the ferromagnetic component that still exists in SrisCassCrOs, while it
disappeared in Sr13Ca23CrOs. For the crystals x > 1/2, the MT curves were almost coincident when H
along the different edges of the crystal for its less distorted crystal structure. The ZFC and FC curves
are overlapped, as shown in Figure 7. The magnetic transition can be observed even at x = 9/10.

Accurate magnetic phase transition temperature Tn can be confirmed from the measurement on
single crystal. Figure 8 shows the Tn-composition phase diagram of SrxCa1xCrOs. With the increase
of x, Tn decreased gradually from 90 K before finally disappearing. In perovskite ABOs, the physical
properties are closely related to the bond angle B-O-B. The magnetic ordering originates from the
superexchange interactions of Cr#-O-Cr# in the Sr«Cai1 xCrOs system. In combination with Table 1,
the bond angle of Cr-O-Cr in CaCrOs was 160°, while it was almost 180° when the structure became
tetragonal. When increasing Sr content, the CrOs octahedron became less distorted and the Cr-O-Cr
bond angle tended to be larger, leading to wider d electronic bandwidth and weaker
antiferromagnetic coupling interaction, as well as lower Tn. Meanwhile, the Neel molecular-field
theory of antiferromagnetism gave a lower Neel temperature for the sample with a larger primitive
cell volume. The Tn of Sr«Ca1 xCrOs system was influenced by both the Cr-O-Cr bond angle and the
cell size [20,26]. As seen in Figure 8, the rate of Tn change with x seems related to the crystal system.
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Figure 6. The MT curves of Sr16CassCrOs and Sr13Caz3CrOs single crystals under 1 T external field
with different directions (a) H//ab plane; (b) H L ab plane.
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Figure 7. The MT curves under 1 T external field of (a) Sri2Ca12CrOs; (b) Sr23Ca1sCrOs; (c)
Srs/6Ca/6CrOs; and (d) Sro0Cai10CrOs single crystals.
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Figure 8. Tn-composition phase diagram of SrxCai1xCrOs.

2.3. Electrical Transport Properties

The electronic state is the focus of controversy in the SrxCai xCrOs system. Contrary conclusions
were reported from different measurements. In this section, we attempt to prove the electronic state
from single crystal resistivity measurements. As the size of single crystals are too small to fabricate
electrodes directly, a focused ion beam (FIB) system was used to deposit electrodes on the surface of
the single crystal, as shown in Figure 9 with CaCrQOs as an example. The crystal was fixed on the
insulating surface of a slice. The bottom edge of the face where the electrodes were deposited required
close contact with the sample holder in order to connect the electrodes on the sample and the
extraction electrodes on the sample holder. The surface of the sample—especially where electrodes
were deposited —was etched using FIB before the deposition of Pt electrodes to avoid the effect of
surface pollution and deterioration. The gaps between the electrodes were etched after deposition to
clear the possible pollution. Electrical resistivity was estimated, imitating the four-probe method.
Considering that the electrodes were limited by the sample shape and deposition rate, and that the
contact of electrodes was probably different each time, the current direction was difficult to identify,
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therefore leading to errors in quantitative calculations. However, the qualitative characterization
should be reliable.

TM} FWD Sgol — 50um
Figure 9. The electrodes deposited by focused ion beam (FIB) system on CaCrOs single crystal.

The temperature dependence of resistivity measurement results are shown in Figure 10.
Although systematic changes with x are not clear, semiconductive behavior was observed for the
Sr«Ca1xCrOs series samples, implying that localized electronic state in this system was consistent with
the polycrystalline measurement result and the recent research on its electronic state [10,27,28].
Without the influence of surface pollution and the grain boundary effect, this result should be more
accordant with its intrinsic character.

The semiconductive behavior is inconsistent with the previous result on CaCrOs reported by
Weiher et al. [11]. As mentioned in Reference [11], the single crystal was metal, while there was
probably nonstoichiometry in CaCrOs due to the presence of 3-CaCr20s, leading to the vacancy of Ca
or O. Figure 2 shows that it is a pure phase, even in our bulk CaCrOs sample. The sample reported
here is close to the nominal composition. Zhou et al. [27] measured the specific heat of a single-crystal
and polycrystalline CaCrOs. The result indicated that the single-crystal sample with oxygen
stoichiometry was insulating while the polycrystalline sample with different oxygen content was
metallic [27]. The sample was sensitive to the content of oxygen for its anomalous electronic state,
which is located near the localized-itinerant crossover. The contrary conclusion could be attributed
to the oxygen vacancy inside, which resulted from different synthesis conditions. Therefore the
sample quality is very important to unveil the intrinsic properties of CaCrOs. Here we successfully
obtained high quality single crystals using a self-oxidization method that gives rise to more
accurately controlled oxygen stoichiometry in the compounds.

1000 4

104

T T T T T
0 50 100 150 200 250 300
T(K)

Figure 10. The temperature dependence of resistivity curves of SrxCa1-xCrOs single crystals.
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3. Materials and Methods

The sample was assembled using pyrophyllite as a pressure medium and heated by an electric
current through a graphite chamber. The temperature was controlled by the heating power. For
convenience, the relation curve between power and temperature was measured in advance to
provide a reference. The true temperature —which may have errors due to the slight difference of the
components used every time—was estimated from the heating power. For the synthesis using self-
oxidization method of SrxCa1 xCrOs, the pressure was kept at 5.5 GPa and temperature duration was
30 min, with an attempted temperature around 950~1100 °C. In general, the optimal temperatures
increased with doping concentration. The bulk sample with embedded single crystals was obtained
when the temperature was appropriate.

The bulk samples and crystals were checked using a powder X-ray diffractometer. The Rietveld
refinement of the polycrystalline data was undertaken using the GSAS + EXPGUI software package.
The diffraction peaks of single crystals were measured for different directions. The sample was placed
on a single-crystal silicon wafer, which had no diffraction peaks. Three directions of the cubic-like
sample were identified under the microscope. The diffraction peaks were measured under similar
conditions for powder and were indexed in contrast to the polycrystalline diffraction data. The
structures of the single crystals were determined by single-crystal X-ray diffractometer. The samples
were measured at room temperature with Mo Ko radiation. Magnetic properties were performed
using the Quantum Design superconducting quantum interference device (SQUID). The three
directions of the crystal were measured and the directions were also identified by microscopy. For
weak signals of the small crystals, MT curves were measured under the applied field of one tesla. The
electrodes were deposited using focused ion beam (FIB) system FEI DB235. FIB is a very powerful
tool for in-situ fabrication and characterization of small samples. The surface of the crystal was first
etched by a Ga ion beam to clean surface pollution. Next, Pt electrodes and the extraction electrodes
were deposited. The thickness of the electrodes was one micron. The largest distance between the
extraction electrodes was more than 120 um. The Pt wires were connected to the extraction electrodes
by silver colloid. The electronic resistivity was then measured with the four probe method using the
Quantum Design physical property measurement system (PPMS).

4. Conclusions

SrxCa1 xCrOs (0 < x < 1) series single crystals with a size larger than 100 um were synthesized
under high pressure and high temperature condition using self-oxidization method. The crystal
structure transformed from orthorhombic to tetragonal to cubic with the increase of x. The crystals
showed antiferromagnetic transition at low temperature, with the exception of 5rCrOs, and a Tn-
composition phase diagram was obtained. Semiconductive behavior was observed for all crystals
through electronic resistivity measurements, implying the localized electronic state.
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