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High quality single crystal CrAs was grown by Sn flux method. The results of magnetic susceptibility and electrical re-
sistivity are reported in a temperature range of 2 to 800 K. At low temperatures, a 7° dependence of resistivity is ob-
served showing a Fermi-liquid behavior. The Kadowaki-Woods ratio is found to be 1x107 uQ c¢m mol® K*> mJ™2, which
fits well to the universal value for many correlated electron systems. At about 270 K, a clear magnetic transition is ob-
served with sharp changes of resistivity and susceptibility. Above 270 K, a linear-temperature dependence of the mag-
netic susceptibility is observed up to 700 K, which resembles the 7-dependent magnetic susceptibility of parents of

iron-pnictides superconductors.
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1 Introduction

Since the discovery of superconductivity in the newly dis-
covered rare-earth iron-based oxide systems, much efforts
have been made to explore similar phenomena in other tran-
sition metal oxides and pnictides. Up to date, several dif-
ferent crystal structures of iron pnictides (or chalcogenides)
were discovered and found to exhibit high 7. superconduc-
tivity by either doping or application of pressure [1-5], in-
cluding LnFeAsO (Ln = rare earth, so called 1111 system),
AFe,Asy)(A = Ca, Sr, Ba, 122), LiFeAs(111), and
FeSe,_s(11) [6-9]. All these iron-pnictide superconductors
have a layered structure with two-dimensional FePn (Pn=
pnictogen/chalcogen) conducting layers. Except for a rela-
tively high transition temperature, the systems display in-
teresting magnetic properties. The FeAs-based parent com-
pounds commonly show colinear antiferromagnetic type
spin-density-wave (SDW) ordering. The superconductivity
is found to be in the vicinity of the SDW. In addition, the
recent inelastic neutron scattering experiments showed the
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presence of the incommensurate magnetic resonance peak
near the wave vector Q = (0.5, 0.5, 0) in superconducting
states of (BaK)Fe,As, and FeSe superconductors, similar to
that of the high Tc cuprates. These observations reveal that
the magnetism plays a crucial role in driving the supercon-
ductivity in those materials [10-15].

CrAs is one of the intermetallic pnictides with crystal
structure of orthorhombic MnP-type as shown in Figure 1(a).
The lattice parameters are a=5.649 /0%, b=3.463 A, and ¢ =
6.2084 A [16]. The structural, magnetic, specific heat,
transport, and neutron scattering measurements have been
reported for polycrystal materials [16—19]. The compound
has a phase transition at 800 K from the hexagonal NiAs-
type to the orthorhombic MnP-type. Similar to parent of
iron pnictides superconductors, the neutron scattering ex-
periments reveal that below 270 K, CrAs is magnetically
ordered and the magnetic structure of which is a dou-
ble-helical one propagating along the b-axis [17]. The spin
orientation in the helimagnetic structure of CrAs is shown
in Figure 1(b). All magnetic moments lie essentially in a-c
plane, and it is seen that the spins on atoms 2 and 3 are al-
most antiparallel arranged. The spins on atom 1 and 2 show
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a noncollinear arrangement. A first-order transition accom-
panying the abrupt changes of lattice parameters occurs at
transition temperature (7). However, it is surprised that no
any remarkable anomaly in resistivity and magnetic suscep-
tibility around 270 K for polycrystalline samples. So, it
would be interesting to study the properties of high quality
single crystal CrAs and compare results with that of iron-
pnictide superconductors.

In this paper, we report resistivity (2-300 K) and mag-
netic susceptibility (2-800 K) results obtained with high
quality CrAs single crystals. A clear magnetic phase transi-
tion is observed at 270 K in both resistivity and susceptibil-
ity measurements. In addition, we found that at low temper-
atures, the resistivity shows a T° dependence indicating a
Fermi-liquid ground state. The Kadowaki-Woods ratio is
found to be 1x107> pQ cm mol® K2 mJ2, which is a univer-
sal value for correlated electron systems. Above magnetic
transition temperature, a linear-temperature dependence of
the magnetic susceptibility is observed up to 700 K, which
resembles the T-dependent magnetic susceptibility of par-
ents of the iron-pnictide superconductors, such as LaOFeAs,
BaFe,As,, and CaFe,As, [20-23].

(a)

Figure 1 Lattice structure and spin structure of CrAs. (a) The unit cells
of the orthorhombic MnP-type (low temperature phase below 800 K) crys-
tal, ® and o denote the Cr and As atoms, respectively; (b) double helical
spin structure of CrAs, where only the metallic atom sites 1, 2, 3, and 4 are
shown. The angles o, = 034 = —120°, and ay3 = a3 4 =185°.
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2 Experiments

The CrAs crystals were grown using Sn-flux method. The
starting materials were Cr (Cerac, powder, 99.9%), As (Alfa
Aesar, powder, 99.99%), and Sn (Cerac, shot, 99.9%). All
of the manipulations were done in an Argon-filled glove
box with moisture and oxygen levels less than 1 ppm. The
materials with atomic ratio of Cr:As:Sn = 3:4:40 were add-
ed to an alumina crucible, which was placed in a quartz
ampoule, and subsequently sealed under a reduced pressure
of 107* Torr. The quartz ampoule was heated up to 650°C
for 10 h, held there for a period of 8 h, then heated up to
1000°C for 15 h, held for 6 h, and slowly cooled down to
600°C for 50 h. At this temperature, liquid Sn flux was fil-
tered by centrifugation. The resulting products were metal-
lic needle-shaped black crystals with dimensions up to 0.15
x0.15x1 mm’. The crystals were grown along the b-axis and
they are stable in air and water.

Energy-dispersive X-ray (EDX) analysis on these crys-
tals was carried out using a Hitachi S-2700 scanning elec-
tron microscope. The results show that the chemical com-
positions are 51(2)% Cr, and 49(2)% As. No Sn elements
were detected in the crystals analyzed. The magnetic sus-
ceptibility was measured in temperature range of 2-300 K
using a SQUID VSM Magnetometer of Quantum Design
Company, and in temperature range of 300-800 K using a
VSM Magnetometer installed in PPMS system of Quantum
Design Company. The resistivity was measured between 2
and 300 K by the standard 4-probe method. The current was
applied along the b-axis of the crystal.

3 Results and discussion

3.1 Resistivity

Figure 2(a) shows the resistivity (p) as a function of tem-
perature between 2 and 300 K. The po(T) shows a typical
metallic behavior over the measured temperature range
2-300 K. The residual resistivity is 3.87 uQ cm. The resid-
ual resistivity ratio (RRR): p (300 K)/p (4.2 K) = 50, much
larger than that of the single crystal of parents of iron-pnic-
tides (usually less than 10), suggests a high quality of the
crystal compared with that of the iron-pnictides. A sharp
decrease in the electrical resistivity at 7,=270 K is observed.
This indicates that the spin-disorder scattering is signifi-
cantly reduced in the magnetic ordered metallic state below
Ty. A large thermal hysteresis of about 10 K is observed
around 270 K for the resistivity measurement (see inset of
Figure 1(a)), evidencing a first-order phase transition. Such
a result is consistent with the experimental result that the
magnetic transition is accompanying with a structural tran-
sition as reported by Kanaya et al. [17,18]. The lattice pa-
rameter b increases abruptly by 4%, while the a and c¢ de-
crease by less than 1 % below 270 K. Our result is different
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from the pervious work where the resistivity of CrAs in-
creases with decreasing temperature below 270 K [16]. The
behavior that the magnetic transition occurs concomitantly
with a structural distortion is similar to that of 122 systems
of iron-pnictides. In the 122 systems such as SrFe,As,, the
antiferromagnetic ordered SDW transition occurs simulta-
neously with a lattice distortion from a tetragonal phase to
an orthorhombic phase at the same temperature. However,
for 1111 systems like the LaFeAsO, the magnetic transition
is about 10 K below the structural transition.

Figure 2(b) shows resistivity versus 7°. Below 15 K, the
resistivity can be well described by a constant term plus a 7°
term: p(T) = py+AT", where pyis the residual resistivity and
A is a constant. The existence of 7° term at low tempera-
tures indicates Fermi-liquid ground states for CrAs. From
the obtained value of A, we can readily calculate the Ka-
dowaki-Woods ratio A% * (where y = 9.1 mJ/mol K? is elec-
tronic specific heat coefficient, obtained from ref. [19]) and
obtain ag=1x10" uQ cm mol* K*> mJ™ Figure 3 compares
the Kadowaki-Woods ratio of CrAs with other materials. It
is interesting that the Kadowaki-Woods ratio of CrAs locates
on the universal line of the correlated electron systems,
which is about one order larger than those of simple metals,
like Fe, Ni, Cu, etc.

Various mechanisms have been proposed to explain the
different Kadowaki-Woods ratios for different materials. It
depends on the effects of anisotropy, carrier concentration,
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Figure 2 (a) Temperature dependence of b-axis resistivity for CrAs, the
transition at 270 K can be clearly seen. The inset shows the resistivity
curve of the thermal hysteresis at 270 K; (b) p versus T2 at low tempera-
tures. The straight line is the fit of the low temperature part with o(T) =
P+AT
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Fermi-surface topology, magnetic correlation, ground state
degeneracy, etc. For example, magnetic frustration or proxim-
ity to a quantum critical point (QCP) was considered as a
reason for the large value of A/ 2 =60ag for Nayr;Co0,; a
reduced dimensionality was suggested to be the cause for
enhanced Kadowaki-Woods ratio in Cug o TiSe, [25]. For
CrAs, magnetic correlations, ground state degeneracy and a
possible gap opening below the magnetic transition which
depletes the DOS at Fermi level may be the cause for the
increased value of A or decreased value of y. Apparently,
further investigations need to be carried out to understand
why the Kadowaki-Woods ratio of CrAs is just on the uni-
versal line of correlated electron systems.

3.2 Magnetic susceptibility

Figure 4(a) shows the susceptibility y versus temperature
between 2 and 300 K in field of B = 1 T, applied both along
and perpendicular to the b-axis. A linear temperature de-
pendent susceptibility with significant anisotropy is ob-
served above 270 K. At 270 K, contrast to the polycrystal-
line samples, the magnetic transition are clearly observed
for both B//b and BLlb. Similar to the resistivity measure-
ment, a thermal hysteresis is also observed at the transition
temperature, indicating the nature of first order transition.

1025 T T T Ty

' Gaty

Al# = 1.0x107° ol 7

YbRh,Si;

10" ¢ 3
LiV,04 ]

100 £ #YbNi,B,C ,

E o ———_YbRN,Si, >

E (Y, Se)Mn, =671

SryRu,0;

107" £ Yb,Ce;Gag ‘e——YbCu,q_

E YbCu,Si, < V,0:0 -

< [ YCo i

E ., LuCorS ™Y YbCUAl
102 F Nb,Sn o g

‘% E SeCozo A . CeNIQSh;
< . * ]
Crag VaSi "#YbCu Al YbinAu, 1

102 F A/CeSns -

¢ ; mes\ YbinCu, 1

YbA, / i

10 F / -
4 \ E

CoF'l Ni ]

I - -6

105k Fe Al = 0.4x10 d

f Re __"'. 3

[ O}?’ ]

10—3 S0l paaaul saveaal MR T
10° 10’ 10% 10° 10*

y (mJimol K?)

Figure 3 Kadowaki-Woods plot (A versus y) for different materials (data
obtained from ref. [23]). The position of CrAs is shown by a large star

symbol.
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Figure 4 (a) Magnetic susceptibility y versus temperature 7 between
2 and 300 K in the applied field of B =1 T for B//b and BLb, respectively;
(b) y versus T between 300 and 800 K for B//b.

It is interesting to note that below the transition tempera-
ture, y behaves differently for B/b and BLlb. y shows a
sharp drop at first, and then decreases with decreasing T for
B//b. While y shows a sharp jump, and then decreases with
decreasing T for B1b. Neutron scattering experiments [17]
show that the spin structure is an antiferromagnetic-type
double helical structure below 270 K (see Figure 1(c)). The
drop in y and its further decreasing with decreasing 7T for
B//b can be understood by the presence of the antiferro-
magnetic fluctuations. However, it can not explain why y
shows a sharp jump at 270 K for BLb. In some materials
with the presence of canted-AF transition, the magnetic
susceptibility shows weak ferromagnetic behavior in a cer-
tain direction. y increases with decreasing 7. However, the
2(T) behavior for BLb for CrAs can not be understood by
such a canted-AF spin structure because y only shows a
sharp jump at around 270 K but then decreases with de-
creasing 7. We believe the different behavior in y(7) for
B//b and B1b is related to structural transition. Below 270 K,
the lattice parameter b increases by 4% while the a and ¢
decreases by about 1%. Hence the spin exchange constant
along b-axis, Jj, should decrease while the J,, and J. should
increase. As a result, y(T) shows a sharp drop for B/b while
a sharp jump BLb at 270 K. That the magnitude of the drop
in y(T) for B//b is much larger than that of the jump in ¥(7)
for BLb can be explained by the fact that the change of lat-
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tice parameter b is much larger than that of a and ¢ below
270 K.

The present susceptibility results on single crystal can
also explain why susceptibility does not show any remarka-
ble anomaly at Ty for polycrystalline in the previous work
[17]. In a polycrystalline containing enormous crystals with
random orientation, the susceptibility anomaly at 270 K
would cancel out because of the different behavior of y(7)
for B//b and BLb.

Above 270 K (Figure 4(b)), y increases linearly with T up
to 700 K. Such a behavior is observed in iron-pnictide su-
perconductors where the susceptibility increases linearly
with T above the SDW temperature. It is also observed in
other metallic materials with SDW ground state above Tspw
(e. g. chromium). Another prominent example is the metal-
lic AF system NaysCoO, where a linear-7 susceptibility
above Ty is observed [25]. Several different explanations to
account for such linear susceptibility behavior in iron pnic-
tides were proposed on the basis of either an iterant picture
or a local exchange picture [20]. We believe the present
material with its unique spin structure may provide addi-
tional information to the understanding of the unusual linear-
T-dependent susceptibility in transitional metal compounds.

In addition, above 270 K, the slope of the linear magnetic
susceptibility for B//b is the same as BLlb. It may indicate
that the origin of the linear-temperature dependence of
magnetic susceptibility in the two orientations is essentially
the same. It is interesting to note that the similar behavior
also exists in many parents of iron-pnictide superconductors
like SrFe,As, [26] and BaFe,As, [27].

4 Conclusions

We have presented investigations on the physical properties
of the high quality single crystal of CrAs. At low tempera-
tures, a T° dependence of resistivity is observed showing a
Fermi-liquid behavior. The Kadowaki-Woods ratio is found
to be 1x10™ puQ cm mol®* K* mJ ™, locating in the universal
line for many correlated electron systems. At about 270 K, a
clear magnetic transition is observed with sharp changes of
resistivity and susceptibility. The susceptibility displays a
sharp drop for B // b but a jump for B L b, respectively. The
behavior can be understood by the coupled magnetic and
structural phase transitions that occurs simultaneously.
Above 270 K, a linear-temperature dependence of the mag-
netic susceptibility is observed up to 700 K, which resem-
bles the T-dependent magnetic susceptibility of parent of
iron-pnictides superconductors.
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