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Fermi-liquid state and enhanced electron correlations in the iron pnictide CaFe As;
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The recently discovered CaFe,As; system displays low-temperature Fermi-liquid behavior, with enhanced

electron-electron correlations. At high temperatures, the magnetic susceptibility shows Curie-Weiss behavior,

with a large temperature-independent contribution. Antiferromagnetic ordering

is observed below

Ty=(88.0%+1.0) K, possibly via a spin density wave transition. A remarkably sharp drop in resistivity occurs
below T,=(26.4*1.0) K, correlated with a similarly abrupt increase in the susceptibility but no visible feature
in the specific heat. The electronic specific-heat coefficient y at low temperatures is close to 0.02 J rnol;e1 K2,
but a higher value for y~0.08 J mol;; K2 can be inferred from a linear Cp/T vs T? just above T,. The
Kadowaki-Woods ratio A/y?=55%107> u{) cm mol®> K? mJ~2 is nearly two orders of magnitude larger than

that of heavy fermions.
DOI: 10.1103/PhysRevB.80.020404

Many advances in science in general, and in condensed
matter in particular, have been brought about by the discov-
ery of new materials. The most recent example is the high-
temperature iron-oxypnictide superconductors,! a case of ac-
cidental incorporation of oxygen in a rare earth iron pnictide
ternary via tin flux. After the original discovery of supercon-
ductivity in La(O/F)FeAs, the past year has seen a revival of
the interest in superconductivity, fueled by the discovery of
additional classes of homologous superconductors based on
BaFe,As,,>? FeSe,* and LiFeAs,>® and an increase in T, to
new records (over 50 K) for noncuprate materials. Here we
present the structural and physical properties of another
Fe-As compound, CaFe,Ass, also reported by Todorov et al.”
Despite lack of superconductivity down to 1.8 K, this com-
pound shows complex electronic and magnetic properties.

CaFe,As; is a framework structure composed of shared
Fe-As tetrahedra, with Ca atoms (blue/large spheres, Fig. 1)
sitting in channels defined by these shared tetrahedra. Two
phase transitions are observed in this material, an antiferro-
magnetic (AFM) ordering below Ty=88.0 K, likely associ-
ated with a spin density wave (SDW) transition, and a lower
transition around 7,=~26.4 K. Fermi-liquid behavior with
enhanced electron correlations is observed below this lower
transition. As a result, the Kadowaki-Woods (KW) ratio is
nearly two orders of magnitude larger than the corresponding
value for heavy fermions, with a correspondingly enhanced
Wilson ratio (R).

Single crystals of CaFe As; have been synthesized using
tin flux, starting from a composition Ca:Fe:As:Sn
=1:4:3:40. The constituent elements were placed in evacu-
ated silica tubes, slowly heated up to 1100 °C, and followed
by slow cooling to 600 °C. After the tin flux was decanted,
well-formed thin rods were obtained, typically about 1 mm?
in cross section and up to 8 mm long. Anisotropic magneti-
zation measurements were performed using the Reciprocat-
ing Sample Option (RSO) of the Quantum Design Magnetic
Property Measurement System. Specific-heat measurements
were performed in a QD Physical Property Measurement
System, using an adiabatic relaxation technique. Given the
rodlike geometry of the sample, the ac resistivity measure-
ments (i=1 mA, f=17.77 Hz) were done for current along
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the rod axis. The structure of CaFe,As; was determined by
single-crystal x-ray diffraction, and no detectable flux incor-
poration was observed. Needle shape crystals were cut to
size (~0.22X0.11X0.08 mm?) and placed in a nitrogen
stream. Diffraction data were acquired using a Bruker
SMART 1000 charge coupled device (CCD) diffractometer
utilizing a graphite-monochromatic Mo K« radiation (A
=0.71073 A) at T=90(2) K and the SMART software pack-
age. SAINT was employed for data frame integrations. SAD-
ABS was used to correct the data for Lorentz and polarization
effects and to apply a numerical absorption correction. XPREP
was used to identify the space group and to create the data
files. The structure was determined by direct methods with
SHELXS and refined with SHELXL.

Above 90 K, CaFe,As; is orthorhombic (space group
Pnma)  with  lattice  parameters a=11.8840(7) A,
b=3.7342(2) A, and ¢=11.5857(7) A. There are four crys-
tallographic sites for Fe (small spheres, Fig. 1) and several
close Fe-Fe distances, between 2.5952(6) and 2.8629(4) A.
The Fel-Fe3 atoms are fourfold coordinated with As (me-

FIG. 1. (Color online) ac-plane view of the CaFe,As; structure,
with the Ca, Fe, and As represented by blue (large), orange (small),
and purple (medium) spheres, respectively. Fourfold coordinated Fe
and As atoms form buckled sheets (gray bonds) similar to the Fe-As
planes in Fe-pnictide superconductors; these fold back into each
other around the fivefold coordinated Fe4 atoms.
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FIG. 2. (Color online) Anisotropic inverse magnetic susceptibil-
ity 1/Ax(T)(Ax(T)=x(T)-x,) for H=0.1 T, and Hllac (crosses)
and Hllb (full squares). The straight lines represent the high-
temperature fits to the Curie-Weiss law after the constant y, has
been taken into account. Inset: total low-temperature anisotropic
x(T) showing a sharp decrease below Ty=87.0 K and an upturn
around the low-T transition 7,=26.4 K.

dium spheres) (gray lines, Fig. 1), giving rise to buckled
Fe-As sheets similar to the Fe-pnictide planes in the new
superconductors. These sheets fold back into each other
around the fivefold coordinated Fe4 atoms, forming channels
along the b axis, with the Ca atoms (large spheres, Fig. 1)
sitting in these channels. Additional crystallographic infor-
mation can be found in the supplementary information.’

The anisotropic inverse susceptibility — 1/Ax(T)
=H/(M(T)-M,) is shown in Fig. 2 for an applied magnetic
field H=0.1 T. At high temperatures (7>130 K) the
susceptibility (Fig. 2) can be fit to a Curie-Weiss law
x(T)=M(T)/H=x,+C/(T-6) after a temperature-indepen-
dent contribution x, has been accounted for. Larger x(7)
values are observed for HIlb (black squares, inset
Fig. 2) than for Hllac (red crosses, inset Fig. 2). The yx,
values sum up the core diamagnetic, Pauli and Landau con-
tributions, and are determined from the data fits to be
2.23%107 and 1.76%107> emu molg, for Hllb and Hllac,
respectively. Such large y, values strongly suggest enhanced
Pauli paramagnetism [since the core diamagnetism is typi-
cally on the order of 107°~107> emu mol~' (Ref. 10) and
Xrandan™—=1/3Xpaui)- As a result of the observed anisotropy
associated with crystal field effects, a reduced effective mo-
ment p,=1.66p5/Fe is determined for both field orienta-
tions, in agreement with the values calculated by Todorov et
al.” This is much smaller than the theoretical values expected
for either Fe’*(4.9-6.7up/Fe) or Fe**(59ug/Fe).!! Al-
though CaFe,As; is not superconducting above 1.8 K, nor
does it have the layered Fe-As structure ubiquitous in the
new Fe superconductors, the structure is comprised of Fe-As
buckled sheets, similar to the infinite planes in the latter
compounds. The reduced moment per Fe ion is also reminis-
cent of the Fe superconductors: 0.4-0.8ugz/Fe for the
ROFeAs compounds'> and close to 0.87ugz/Fe for
BaFe,As,.'? One more notable similarity is a AFM-like tran-
sition, which occurs in CaFe,As; around 7y=88.0 K, very
close to the previously reported ordering temperature’ and
the SDW transition temperature observed in single crystals
of BaFe,As,.!*

Given the resistivity behavior around Ty (Fig. 3), it is
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FIG. 3. (Color online) Resistivity of CaFe,As; for illb, and
H=0 (crosses) and H=9 T (triangles) (H L i). Details around the
(b) T, and (c) Ty transitions. (d) Low-temperature Ap=p—p vs T2,
with the residual resistivity pp=~42 u{) cm as determined from (b);
straight line is a fit to Ap=p—py=AT?, which gives
A=025 u)cm K2

plausible that the ordering in CaFe,As; may also be associ-
ated with a SDW transition: The high-temperature resistivity
is linearly decreasing with 7, typical of a metal. Thus for a
simple AFM metal, one would expect a drop in the resistivity
below Ty, associated with loss of spin-disorder scattering.
However, the resistivity of CaFe As; has a weak minimum at
Ty=89.0 K [Fig. 3(c)], followed by a broad maximum at
lower temperatures, similar to the behavior observed in Cr, a
typical SDW system.!> The AFM transition is also consistent
with the H=0 specific heat data (Fig. 4), which shows a peak
centered around 87 K. An identical C p(T) measurement was
recorded in an applied magnetic field H=9 T (not shown for
clarity).

A more complex phase transition is observed upon further
lowering the temperature. After a decrease in x(7) below Ty,
a sharp increase occurs below 26.4 K (inset, Fig. 2). This is
associated with a similarly abrupt drop in resistivity [Fig.
3(b)], followed by a much stronger decrease at lower tem-
peratures compared to the high-7 regime. However this tran-
sition cannot be detected in the specific heat data (Fig. 4) so
a careful analysis of the low-temperature properties of
CaFe,As; is imperative.

At least two scenarios can be considered in explaining the
transition below 26.4 K: by analogy with Cr,'> a spin-flip
transition is possible in the SDW state, between a trans-
versely polarized state (where the spin direction S and the
wave vector q are orthogonal) and a longitudinally polarized
state (where S and q are parallel). Another possibility would
be a weak structural distortion. This may be associated with
the enhancement of the density of states at the Fermi surface,
which in turn increases the Pauli susceptibility while corre-
spondingly reducing the electrical resistivity. The lack of any
signature of the 26.4 K transition in the specific heat data
seems to render more credibility to the spin-flip hypothesis.
However, as is shown below, the low-temperature properties
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FIG. 4. (Color online) (a) H=0 specific heat data, with the AFM
transition at Ty=87 K marked by the vertical arrow. Inset: low-
temperature region, together with the expected linear fit (straight
line) to C,/T="y+BT%, which yields y=0.02 J/(mol K?). (b) C,/T
vs T2 around T,=26.4 K and a dotted line showing a linear fit
above T, with a new y*=0.08 J/(mol K?).

of CaFe,As; are dominated by strong electron-electron cou-
pling, which may conceal a phonon-driven feature in the
specific heat at low temperatures.

Based on the susceptibility measurements, the large x,
contributions already point to enhanced electron interactions
compared to a free-electron system. Moreover, below
T<20 K, the specific heat data can be fit to C,/T=7y+ BT?
[inset, Fig. 4(a)], which gives the electronic and lattice spe-
cific  heat  coefficients  y=0.02 J/(molg, K*)  and
B=0.23%1073 J/(molg, K*), respectively. The correspond-
ing Debye temperature is approximately 6,=260 K. vy is
comparable to the respective value for BaFe,As, (Ref. 14)
but much larger than that reported for LaOFeAs (Ref. 16)
and CaFe,As, (Ref. 17) and, more importantly, significantly
enhanced compared to the free-electron model. An
estimate of the Wilson ratio R=4yx,/(3y)(7kg/ ,u,ef_-f)2
(Ref. 18) gives a remarkably large value R=8-10 for the
two applied field directions. Given that the magnetic suscep-
tibility does not saturate at 2 K (Fig. 2, inset) xq
=1.76-2.23%107% emu/mol is a better estimate of the Pauli
susceptibility than x(7=2 K)=3#10"> emu/mol, but the
two are very close to each other. For a noninteracting Fermi
liquid, R is expected to be close to 1, and it has been shown
to be closer to 2 for strongly correlated electron systems.'”
Julian et al.?® showed that higher R values occur in nearly
ferromagnetic (FM) metals. Density functional theory
calculations’ on CaFe,As; seem to support the hypothesis of
FM coupling at low temperatures, which may also explain
the upturn in x(7) at the lowest temperatures in our data
(inset, Fig. 2). Another plausible explanation for the large
Wilson ratio can be drawn from the low-temperature transi-
tion. If indeed the transition below 7<<26.4 K has a struc-
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FIG. 5. (Color online) Kadowaki-Woods plot A vs vy [repro-
duced from (Ref. 21)], with CaFe,As; shown as large red symbol.
CaFe,As; has similar KW ratio to Nagy;Co0, (Ref. 23) and
Cug ;7 TiSe, (Ref. 24), smaller only than that for Sr,RuQ, (for illc)
(Ref. 22).

tural component, this would affect the electron-phonon inter-
actions and thus y but would not change x. In this case the
high Wilson ratio would be an artifact due to the fact that the
vy and Y, values correspond to the low- and high-temperature
states, respectively. Although no phase transition can be de-
tected in the specific heat measurement, C,/T vs 7? [Fig.
4(b)] appears to change to a linear region with lower slope
and larger y for almost a 10 K interval above T,: ¥
=0.08 J/(molg, K?). With both y and yx, values estimated
above the 7,=26.4 K transition, the Wilson ratio associated
with this high-temperature ordered state is R=2, a value
expected for strongly correlated electron systems.

The low-temperature dependence of the resistivity [Fig.
3(b)] reveals metal-like behavior with a residual resistivity
po=45 ) cm. This is notably different from the resistivity
reported by Todorov et al.:” even though their susceptibility
data reveal two phase transitions around the same tempera-
tures as in our measurements, both transitions are absent in
their resistivity data for current along the b axis. We have
also measured nearly linear resistivity down to 2 K on poor
quality crystals, which were hollow rods with flux inclu-
sions. All measurements shown in the current study were
performed on high quality crystals, which were confirmed to
be well-formed full rods. By plotting Ap vs T2 [Fig. 3(d)],
where Ap(T)=p(T)-py=AT>, a clear Fermi-liquid regime is
observed below T=15 K for both H=0 (crosses) and H
=9 T (triangles). The coefficient A of the quadratic resistiv-
ity term is determined to be A=0.25 w{) cm K2, remark-
ably large and field independent. When normalizing A by the
low-temperature ~ quasiparticle  effective =~ mass y
=0.02 J/(molg, K?), the KW ratio A/ 7 is almost two orders
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of magnitude larger than for heavy fermion materials: A/ y?
=55a,, where a=10"> £ cm mol® K? mJ~? is a nearly uni-
versal value observed in strongly correlated electron
systems.?! This value is among the largest KW ratios re-
ported (Fig. 5), significantly smaller only than that of
Sr,RuQ, for current normal to the RuO, planes.?? Various
mechanisms have been proposed to explain the large KW
ratios. Magnetic frustration or the proximity to a quantum
critical point (QCP) was considered likely scenarios for the
A/9?=60a, observed in Naj,;C00,.* In Sr,RuO,, the KW
ratio was highly anisotropic, likely due to the two-
dimensional character of the Fermi liquid, and the reduced
dimensionality may be the cause for enhanced KW ratio in
Cuy 7 TiSe,.>* The fact that A and vy are nearly field indepen-
dent up to 9 T in CaFe As; does not immediately justify a
“QCP” scenario, although it will be important to study the
effect of pressure or doping on the possible SDW state and
the low-temperature transition. The reduced dimensionality
of the Fermi liquid cannot explain the high KW ratio either,
given the three-dimensional (3D) character of the structure in
CaFe,As;. Modest magnetic frustration may be present in
this compound given that the Weiss temperatures 6, and 6,
are ~—220 and —150 K, respectively, 2 to 2.5 times larger
than 7,=88.0 K. It will be necessary to study the micro-
scopic magnetic structure to determine whether the Fe sub-
lattice is indeed frustrated, and this work is currently under-
way.
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In conclusion, CaFe,As; displays a Fermi-liquid behavior
at low temperatures, with enhanced electron-electron corre-
lations as indicated by the value of the electronic specific
heat coefficient y=0.02 J/(molg, K?) and an unusually high
KW ratio A/y?=55a,. A low-temperature transition exists in
this compound around 7,=(26.4* 1.0) K, marked by a re-
markably sharp resistivity drop and abrupt increase in sus-
ceptibility. Experiments involving low-temperature neutron
diffraction are underway to elucidate the nature of the mag-
netic structure below and above this transition and to clarify
whether it is magnetic in nature or it has a structural compo-
nent as well. At higher temperatures, AFM order occurs be-
low Ty=(88.0*1.0) K, which is likely associated with a
SDW state as suggested by the small increase in the resistiv-
ity below Ty. Although not superconducting and with a more
3D crystal structure than the iron pnictides, CaFe,As; re-
sembles the “1-2-2” superconductors with regards to the
high-temperature SDW ordering, the enhanced electron mass
v, and also the Fe-As sheets. Together with the enhanced R
and KW ratios, the room-temperature resistivity values
around 0.3 m () cm, comparable to those of LaFeOP (Ref.
1) and AFe,As, [A=Ba (Ref. 14) or Ca (Ref. 17)], qualify
CaFe4As; as a metal with enhanced electron correlations.
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