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We report the synthesis, and structural and physical properties of CaFesAss single crystals.
Needle-like single crystals of CaFesAss were grown out of Sn flux and the compound adopts an
orthorhombic structure as determined by X-ray diffraction measurements. Electrical, magnetic, and
thermal properties indicate that the system undergoes two successive phase transitions occurring
at Tn1 ~ 90 K and Tno ~ 26 K. At Tn1, electrical resistivities (p» and pqc) are enhanced while
magnetic susceptibilities (x» and xac) are reduced in both directions parallel and perpendicular to
the b axis, consistent with the scenario of antiferromagnetic spin-density-wave formation. At T,
specific heat reveals a slope change, and x.. decreases sharply butyx, has a clear jump before it
decreases again with decreasing temperature. Remarkably, both p, and p.. decrease sharply with
thermal hysteresis, indicating the first-order nature of the phase transition at Tn2. At low temper-
atures, pp and pec can be described by p = po + AT (po, A, and « are constants). Interestingly,
these constants vary with applied magnetic field. The ground state of CaFesAss is discussed.

PACS numbers: 65.40.Ba, 72.15.-v, 75.30.Fv

The recent discovery of superconductivity with high
transition temperature (T.) in iron-based materials has
attracted enormous attention in the condensed matter
and materials physics community.”” While the super-
conducting mechanism remains unclear, it is commonly
agreed that FeAs or FeSe building blocks play a key
role in the emergence of superconductivity. In general,
superconductivity occurs when the structural and anti-
ferromagnetic (AFM) spin-density-wave (SDW) transi-
tions - which exist in the parent compounds - are sup-
pressed upon chemical doping or the application of hy-
drostatic pressure.®%8713 This makes the search for new
Fe-based superconductors inseparable from the search for
compounds that form AFM SDWs. Recently, a new
FeAs-based compound, CaFesAss, has been discovered,
in which FeAs, tetrahedra form a ribbons along the b
direction and a rectangular network in the ac plane.
More prominent is that the system undergoes two suc-
cessive AFM SDW transitions,'*'® with one incommen-
surate (IC-SDW) at Tnx1~ 90 K along the b axis and
the other commensurate (C-SDW) at Tpna~ 26 K in
the ac plane.'®'” However, its other physical proper-
ties are much less clear. In this article, we report the
crystal growth, and structural and physical properties
of CaFe4As;3 including electrical and thermal conductiv-
ity, Hall effect, magnetic susceptibility, specific heat, and
thermopower.

Single crystals of CaFeqAs3; were grown out of Sn flux.
The stoichiometric amounts of high purity calcium shot
(99.999 % Alfa Aesar), iron powder (99.95 % Alfa Ae-
sar), and arsenic powder (99.999 % Alfa Aesar) were
mixed with tin shot (99.999 % Alfa Aesar) in the ratio
1:4:3:40.'* The mixture was placed in an alumina cru-
cible and sealed in a quartz tube under vacuum. The
alumina crucible was plugged lightly with quartz wool
before the sealing. The whole assembly was heated in
a box furnace to 600°C at a rate of 200°C/h and was
held at this temperature for 5 h. It was further heated
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FIG. 1: (a) Picture of single crystals as grown by flux
method.(b) Structure of CaFesAss (c) Powder X-ray diffrac-
tion with indexed peaks.

to 1100° C at a rate of 200° C/h where it was held for
15 h, and then cooled to 600° C at a rate of 10° C/h. At
this temperature, the molten Sn was decanted by spin-
ning the tube in a centrifuge. Shiny needle shaped single
crystals of rectangular cross-section were obtained with a
typical size of 0.2 x 0.2 x 5 mm3. The as-grown crystals
were etched with dilute nitric acid to remove the residual
Sn flux. Fig. 1la shows the needle-like single crystals.
The crystal structure was determined by single-crystal
X-ray diffraction. Single-crystal X-ray diffraction is per-
formed using Nonius KappaCCD X-ray diffractometer
equipped with a Mo K,, radiation source (A = 0.71073A)
and graphite monochromator. The crystal used for this
experiment was selected from the same batch as that used
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FIG. 2: (a) Temperature dependence of electrical resistivity
py and pqc of CaFeqAss along the b axis and the ac plane,
respectively. pp and pqc near T'n1~ 90 K are highlighted in
(b) and (c), respectively. (d) and (e) show thermal hysteresis
in pp and pqc around pqc at Tna~ 26 K, respectively.

for physical properties measurements and mounted on a
glass fiber with epoxy. The size of this crystal was ap-
proximately 0.025 x 0.075 x 0.125 mm?. The refinement
results confirm that the crystal is indeed CaFe Ass with
an orthorhombic space group symmetry Pnma. The lat-
tice parameters are a = 11.918(2) A, b = 3.749(1) A, and
¢ = 11.625(3) A. The calculated density of CaFesAs; is
6.24 g/cm3. A schematic view of the crystal structure
of CaFesAss is shown in Fig. 1b. The parallel FeAs
ribbons are aligned along the b axis while forming rect-
angular network in the ac plane. The phase purity is
further confirmed by powder X-ray diffraction which is
carried out by a Scintag XDS2000 powder X-ray diffrac-
tometer using Cu K,, radiation (A = 1.54056 A). Fig. 1c
shows the X-ray powder diffraction pattern of CaFeyAss.
Note that the sample is of single phase.

Electrical resistivity of CaFesAs; was measured us-
ing a standard four-probe A.C. technique at 27 Hz with
an excitation current of 1 mA. Thin Pt wires were at-
tached to the sample using a conductive epoxy (Epotek
H20E). Data was collected in the temperature range of
2 to 300 K and in magnetic fields up to 14 T using a
Quantum Design Physical Property Measurement Sys-
tem (PPMS). Fig. 2a shows the temperature dependence

of electrical resistivities (pp and pgc) in both cooling and
warming modes, where p, and p,. are resistivities par-
allel and perpendicular to the b axis, respectively. Note
that both p, and p4. exhibit a similar temperature de-
pendence with p,. /pp~1.3, even though the parameters
a and c¢ are much longer than 6. This is comparable
to that of other FeAs-based layered compounds. Never-
theless, similar to previous reports,'41® both p, and pac
decrease as the temperature is lowered from room tem-
perature to T'y1~ 90 K. Below T 1, both p, and pg.
deviate from their high-temperature behavior with rela-
tively enhanced magnitude (see Figs. 2b-2c¢). As tem-
perature is further lowered, we note that a sharp drop
occurs in both py and pg. at T o~ 26 K. According to
neutron scattering measurements,'%17 the system forms
an incommensurate spin density wave (IC-SDW) along
the b axis below T'n1, but a commensurate spin density
wave (C-SDW) in the ac plane below Tn2. Thus, the
anomalies seen in both p, and p,. must be associated
with these two transitions. However, the impact on the
electrical transport due to these two transitions are differ-
ent: there are small changes in both p, and ps. at T n1
without any thermal hysteresis (Figs. 2b-2¢) but have
sharp decrease at T o with obvious thermal hysteresis
as illustrated in Figs. 2d-2e. This strongly suggests that
a second-order transition at T n1, where as the transition
at T no is first order.

The formation of a SDW usually involves the opening
of an energy gap at the Fermi level, which should result
in enhanced electrical resistivity. The resistivity anomaly
at Ty is consistent with this picture. More unconven-
tional is the sharp resistivity drop at T n2. This is likely
due to the reduction of spin scattering with the formation
of a C-SDW. It should be pointed out anomalies in both
py and pg. are reported for the first time, where as previ-
ous reports show either a change in pa.'* or pp'® at T o
only. We note that p, measured in crystals with large
cross sectional areas is low with the absence of anoma-
lies at both T n1 and T 2. Such samples are found to
consist of multiple single crystals stacked in parallel with
trapped Sn flux. This provides low-resistivity paths for
the current along the b axis and leads to sharp resis-
tivity drop around 3.8 K (~ T, of Sn). The impact
of Sn impurity on p,. is, on the other hand, negligible
as the current is normal to the Sn paths. Nevertheless,
the application of magnetic field seems to push Ty to
higher temperatures, as demonstrated in Figs. 3a - 3c,
while Tnp remains unchanged for fields up to 14 Tesla
(not shown here). This strongly suggests that magnetic
field promotes the transition from longitudinal IC-SDW
to transverse C-SDW. The question is whether the same
group of electrons is involved in both transitions. To
answer this, we performed Hall effect measurements by
applying H1 I||b. Shown in Fig. 4 is the temperature
dependence of Hall coefficient Ry. Note that there are
corresponding changes at both T n1 and T 2. In partic-
ular, there is sharp increase in the magnitude of Ry at
T no. While we cannot determine the change of carrier
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FIG. 3: Temperature dependence of p, (a) and (b) pac of
CaFesAss between 20 and 28 K at indicated applied mag-
netic fields. The dotted lines are guides to eyes. (c) Variation
of T n2 with the applied magnetic field, which is obtained at
points where p, and pqc drop 10 percent compared to that
extended from high-temperature resistivity. (d) Transverse
magnetoresistivity along the b axis (H.L I|b), (e) longitudi-
nal magnetoresistivity along the b axis (H|| I||b) (e), and (f)
transverse magnetoresistivity in the ac plane (H_L I] ac).

concentration due to its multi-band nature,'” it is con-
ceivable to state that the carrier concentration decreases
below T no. The continuous variation of Ry with the
sign change at Tno < T < T 1 indicates the continu-
ous transition (second-order nature) below T'n.

Nevertheless, the finite electrical resistivity at low
temperatures indicates that the Fermi surface is only
partially gapped and the remaining electrons have
a metallic ground state (dp; /dT > 0, i = b, ac).
Quantitatively, both p, and p,. can be fitted to a power
law,

p=po+ AT, (1)

in the temperature range between 2 and 15 K, where
po, A, and « are T-independent constants. As shown in
Figs. 5a - 5b, Eq. (1) describes our experimental data
very well for both py(7T) and pa.(7) below 15 K (solid
curves), with @ = 1.76 and 1.83 at H = 0, respectively.
In contrast to previous reports,'® our result suggests that
the ground state of CaFeyAss is non-Fermi-liquid like,
since both py(T) and pu.(T) deviate from T? depen-
dence. Remarkably, the « value for p,(T) increases with
increasing b (Fig. 5¢). Note that « for py(T) approaches
2 at H = 14 T, implying the recovery of Fermi-liquid be-
havior at high fields along the baxis. On the other hand,
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CaFesAsz with anomalies at T'ny1 and T'n2. The dashed line
is a guide to eyes. The horizontal dotted line is a reference to
Ry = 0. Inset: magnetic field dependence of Hall resistivity
at indicated temperatures. The Hall coefficient was derived
using the relation Ry = pu /H.

a for pac(T)is more or less field independent. This sug-
gests that the C-SDW-that propagates in the ac plane-
is robust under applied magnetic fields. Interestingly,
the residual resistivity po increases with field in both the
baxis and ac plane (Fig. 5d). This is unexpected if it
is simply resulted from non-magnetic impurities/defects.
The fact that both pg and A are field dependent (see
Figs. 5d-5e) most likely reflects strong magnetic inter-
actions in the remaining electronic system, even though
they do not form SDWs.

The magnetoresistance MR [MR = {p(H)-p(H=0)}/
p(H=0)] of CaFesAss below T yo2 makes it more clear.
Figs. 3d - 3e display the field dependence of both trans-
verse (H_L I||b) and longitudinal (H|| I||b) MR at T <
T N9, respectively. Several features are worth noting: (1)
both transverse and longitudinal MR, are positive below
T2, (2) the transverse MR,* is much larger than the
longitudinal one (MR,!l ), and (3)MR,* exhibits linear
field dependence in a wide field range below T n2. In ad-
dition, our data do not fall on a single line when plotted
as MRy* versus H/py (not shown), indicating a viola-
tion of Kohler’s rule. This is likely the consequence of
the non-Fermi liquid ground state as discussed earlier.
Similar linear field dependence of magnetoresistivity has
been observed in other FeAs-based compounds such as
CaFeyAss.'? While the origin is unknown, this cannot
be attributed to the Hall contribution, since our sample
is long and thin. The fact that MRyt > MR, indi-
cates there is strong spin-orbital coupling. Nevertheless,
the positive MR along both the b and ac directions sug-
gests AFM type magnetic interactions. The application
of magnetic field tends to break such interactions leading
to enhanced spin scattering, even though the effect along
the ac plane is much smaller (see Fig. 3f).
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FIG. 5: Temperature dependence of py (a) and (b) pac of
CaFesAss in the range of 2 to 15 K at indicated magnetic
fields. The solid lines are fits to the Eq. (1). (c) - (e) show
magnetic field dependence of «, po, and A, respectively.

There were previously two reports in magnetic suscep-
tibility anisotropy: one shows X, > Xac'® and the other
b < Xac'* above T 1. We measured the magnetic sus-
ceptibility anisotropy of CaFejAss with 10 mg sample
using a Superconducting Quantum Interference Device
(SQUID) magnetometer (Quantum Design), from T =
2 to 400 K and with a vibrating sample magnetometer
(VSM) from 300 to 700 K. Fig. 6a displays the temper-
ature dependence of x;, and x.. between 2 and 700 K.
Note that there is little anisotropy between x; and xqe,
both decreasing with increasing temperature above T n71.
Above ~400 K, the susceptibility follows a Curie-Weiss
behavior as demonstrated in the inset of Fig. 6a. The
solid line is the fitting curve x(T) = T / (T-0cw) in
the temperature range of 400 - 700 K with C' = 7.87
K c¢m?®/mol and Cuire-Weiss temperature oy = - 632
K. This allows us to estimate the effective magnetic mo-
ment fior¢ = 2.14 pp/Fe, which is comparable to that ob-
tained from neutron scattering measurements.'” The neg-
ative fow indicates antiferromagnetic interaction, con-
sistent with the scenario that system forms AFM SDW
at low temperatures. Interestingly, 8cw >> Tn1, which
is likely the consequence of low-dimensional magnetism.
Nevertheless, the temperature dependence of b and ac
below 150 K is highlighted in Fig. 6b. At Tn1 = 90
K, both x; and x,. decrease with temperature until it
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FIG. 6: (a) Temperature dependence of magnetic susceptibili-
ties, x» (T') with H|| b, and Xac (1) with H|| ac for CaFesAss
denoted by e and ¢ (color online), respectively. Data between
2 and 400 K were taken at 1 Tesla in a SQUID magnetometer
and taken at H = 10 T between 300 to 700 K using a VSM.
Inset: Temperature dependence of 1/xp in the range of T =
2 to 700 K. The solid line is a fit to x(T) = T / (T-0cw)
between 400 and 700 K. (b) Magnetic susceptibility x» (T')
and xac (T) for T =210 150 K at H = 1 T with AFM SDW
transitions at Tn1~ 90 K and T2~ 26 K. (¢c) M vs. H for
CaFesAssz at 5 K.

reaches T n9. This is consistent with the scenario that
the system forms a AFM SDW below T 1. Given that y
decreases much more steeply than yguc, the SDW should
be along the b direction, as confirmed by neutron scat-
tering measurements.'” Apparently, x, and yq. behave
differently at Tno = 26 K. While x; first increases be-
fore it decreases again, x,. decreases sharply down to 4
K. Again, the behaviors of x; and x4 below T N2 sup-
port the scenario that the system switches from a longi-
tudinal SDW to a transverse SDW (the easy axis is in
ac plane below T 2) as determined by neutron scatter-
ing measurements.!” The isothermal magnetization ver-
sus magnetic field data at 5 K, presented in Fig. 6c,
suggests that there is a weak FM interaction along the b
direction in addition to the AFM interaction mentioned
above. There is a small upturn in both y; and x4, below
4 K. This should be due to the paramagnetic contribu-
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tion from the remaining electrons that do not participate
the SDW formation.

Based on the above analysis, it is expected that spe-
cific heat of CaFesAs3 would exhibit features associated
with the second-order phase transition at 71 and the
first-order transition with a latent heat at T no. Fig.
7a shows specific heat C), measured in the PPMS using
the relaxation method between 2 and 150 K. Similar to
previous report,'® a peak was observed in specific heat
at T n1, confirming the second-order nature of the phase
transition. However, C,(T) varies smoothly when cross-
ing T N2, and no obvious thermal hysteresis was observed
when measurement was conducted via both cooling and
warming. As shown in the inset of Fig. 7a, there is slope
change at T o when the data is plotted as Cp,/ T vs. T2,
This suggests that the change at T 9 is electronic, i.e.,
change of electronic specific heat coefficient, in origin and
entropy due to spin fluctuation is largely removed prior
to the transition.

In order to obtain details of the electronic properties,
we measured the low-temperature specific heat under

the application of magnetic fields up to 14 Tesla (H L b).
Fig. 7b displays the data plotted as C},/T vs. T? from
2 to 13 K at various applied magnetic fields. For a non-
magnetic system, the low-temperature Cp,/ T is expected
to vary linearly with 72, i.e., C, T/T =~ + BT? (v and
B are T-independent coefficients). These two coeflicients
represent the electron and phonon contributions, respec-
tively. For CaFesAss, we note that Cp/ T vs. T2 at zero
and low fields are not perfectly linear, having an upturn
at low temperatures. Since it is suppressed by magnetic
fields, such an upturn can be attributed to the Schottky
effect. We thus fit the low-temperature €,/ T data using

Cp/T =+ BT% + o [eA/T/T3(14+e2/T)2), (2)

with the third term describing the Schottky contri-
bution. Here, o/ is a constant proportional to num-
ber of two-level systems, and A is the energy gap be-
tween the two levels. The fitting results in v = 82
mJ mol'K~2, 3 = 1.05 mJ mol 'K~/ = 11500 mJ
mol™ 'K, and A = 6 K for zero field. These values of
~ and S are very close to those reported previously.!®
One can estimate the Debye temperature @p ~245 K
via 8 = N(12/5)m*ROp~—3, where R = 8.314 J mol ™!
K~! and the number of atoms in one unit cell is N =
8 for CaFe Ass. This value is slightly higher than that
from the theoretical calculation.!#

Remarkably, the application of magnetic field clearly
shifts the low-temperature C,/T(T?) curve upward, in-
dicating the change of v,5,a/,and A. In particular, there
is an increase in v with H as demonstrated in the inset
of Fig. 7b. This reflects the modification of electron-
electron interactions by magnetic field, which leads to
a change in the electronic density of states at the Fermi
level N(Ef) asy = %/3kp> N (Er).'® Recalling that the
application of magnetic field results in the 72 dependence
of b, we may further calculate the Kadowaki-Woods ra-
tio, A/~?, at high fields. For H = 14 T,y? = 26 mJ
mol 'Fe 'K~2 and A4; = 0.45 ulemK ~2, which leads to
A/v% ~ 66x107° cm mol? K?mJ~2. This value is much
higher than that for free-electron system (~ 1x1075 cm
mol? K?mJ~2), suggesting that CaFesAs3 is a strongly
correlated system.!9 22

In magnetic systems, thermal transport properties of-
ten exhibit unusual behavior due to magnetic contribu-
tions. For the first time, we report both thermal conduc-
tivity (kp) and Seebeck coefficient (S3) of single crystal
CaFe Ass along the b axis measured by using the stan-
dard four-probe method. As shown in Fig. 8, x; increases
with increasing T above T 1. In this temperature range,
the thermal conductivity is usually dominated by phonon
contribution, which increases with decreasing tempera-
ture. The apparent opposite trend may result from (1)
large electronic contribution, or (2) surface heat emission
due to the relatively large surface area compared to its
cross section which is not corrected during the measure-
ment, or (3) magnetic contribution. We may estimate
the electronic contribution via Wiedemann-Franz law k.
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FIG. 8: Thermal conductivity (left axis) and Seebeck coef-
ficient (right axis) of a CaFesAss single crystal for 7' = 15
to 300 K. For comparison, the estimated electronic thermal
conductivity ke is also plotted.

= 2.44x 10~8T/py, which is presented in Fig. 8 as well.
Note that k. is much smaller than k;, thus ruling out
the first scenario. Nevertheless, x; is enhanced below
T N1, indicating the suppression of spin scattering below
T n1. Unfortunately, there is insufficient information be-
low T o due to small signal/noise ratio.

On the other hand, thermopower (S) along the b axis,
sharply decreases and changes sign from positive above
T no to negative below T 1. The result is intriguing
because thermopower usually possesses the same sign as
that of Hall coefficient. The sign difference between S
and RH could be due to either diffusion scattering,?324
or phonon drag effect,2%:26 or a complex Fermi surface.??
For example, it is well-known that YBasCuszO7 has a sin-
gle band and is hole-like with positive Ry. However, the
measured S, is negative?® because the minority carrier
(electron) has a heavier mass than holes, thus contribut-
ing strongly to the diffusion coefficient (Ap) (note S =
App ). CaFesAss is a multiple band system involving
both electrons and holes as reflected in the sign change of
Rpr. The sign difference in thermopower may be caused
by the same origin as that in YBayCu307.23

In summary, we have successfully grown needle-like
CaFey Asg single crystals and investigated their structural
and physical properties. Electrical and thermal conduc-
tivity, Hall effect, magnetic susceptibility, specific heat,
and thermopower exhibit anomalies at T 1 ~ 90 K and
Tno ~ 26 K, which were previously identified as AFM
IC-SDW and C-SDW transitions, respectively. Our in-
vestigation indicates that the transition at T n is second
order, and that at Ty is first order. The application of
magnetic field tends to push T 2 to higher temperatures,
but has no obvious impact on T 1. The apparent metal-
lic behavior at low temperatures indicates that the Fermi
surface is partially gapped by the formation of SDWs.
The remaining electrons exhibit non-Fermi-liquid char-

acter in zero field but resumes Fermi-liquid character in
high fields. At H = 14 Tesla, we estimate Kadowaki-
Woods ratio 4/4% ~ 66x107° ¢cm mol? K?mJ~—2, sug-
gesting that CaFe Ass is a strongly correlated system.!2
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