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ABSTRACT: The crystal structure of CaFe,Al; was studied by X-ray single
crystal and powder diffraction as well as high-resolution neutron powder
diffraction. CaFe,Alg crystallizes with a tetragonal CeMn,Alg-type structure, an
ordered variant of the ThMn,,-type (Pearson symbol tI26, space group I4/mmm,
a = 8777(1), ¢ = 5.077(1) A). Similarly to the well-known AlS5-type
superconductors, the structure of CaFe,Al; contains one-dimensional chains of
d-metal atoms, which are parallel to the crystallographic fourfold axis. CaFe,Aly is
paramagnetic at room temperature and exhibits long-range antiferromagnetic
ordering at about 180 K, combined with a short-range ordered spin arrangement.
The magnetic structure, determined by powder neutron diffraction at 4 K, shows
that the magnetic moments on the Fe atoms form mirror-inverted chains along
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the c-direction and are slightly canted from the axis.

B INTRODUCTION

The discovery of the high-temperature superconductor based
on iron LaFeAsO,_,F, by Hosono et al.' has sparked enormous
interest in iron-based superconductors with square-planar
lattice arrangement of iron atoms.” Several families of iron-
based superconductors have been identified in recent years, the
most prominent being the so-called 1111, 122, 111, and 11 with
ZrCuSiAs-, ThCr,Si,-, CeFeSi-, and anti-PbO-type structures,
respectively.””~> The common structural motif in these families
is the [FeX,,] layer, which contains edge sharing Fe@X,
tetrahedra (X = pnictogen, chalcogen). Besides the square-
planar iron layers, also other planar lattice arrangements of
transition-metal atoms or one-dimensional chains are interest-
ing regarding the superconductivity. For example, K,Cr;As;
with 3d-metal-based quasi-1-D chains was reported to be
superconducting.’ In this compound, similarly to the quasi-two-
dimensional superconducting cuprates and iron pnictides, 3d
electrons are responsible for unconventional superconductivity.
In the well-known and widely used Nb;Sn (or Nb;Ge)
superconductor,” which crystallizes in the structure type AlS,
the Nb atoms form one-dimensional chains in the three
orthogonal directions, whereas the Sn (or Ge) atoms form
body-centered cubes. The Nb—ND interatomic distances within
the chains are appreciably shorter than the distance between
the chains, and these Nb chains respond for the generation of
the quasi one-dimensional d-state electronic spectrum of the
compound.” Recently, the quasi-one-dimensional BaNbS,
compound was reported to be superconducting.” In this regard,
compounds containing atomic chains of transition metals,
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especially of iron atoms, may be considered as promising
candidates for high-temperature superconductors.

Atomic Fe chains are present e.g. in RFe,Al; compounds
with extraordinary magnetic properties (R = Sc, Y, Ce, Yb, Lu,
Tb, Ho, Er Th, U, Np), which belong to the CeMn,Als-type
structure (an ordered variant of the ThMn,-type).'”"
Complex magnetic structures with incommensurate spiral
components have been observed in, e.g, RFe,Al; with R =
Tb, Dy, Ho, and Er.'> The interpretation of the unusual
magnetic properties of the RFe,Al; compounds is sometimes
controversial. For example, at first the DyFe,Al; and HoFe, Alg
compounds were reported to possess magnetic phase
transitions attributed to ordering of the iron sublattice into a
conical spiral structure at about T = 25 K."> However, further
neutron-scattering experiments showed that the Fe and rare-
earth sublattices order magnetically at lower and higher
temperatures, respectively, and most of the unusual properties
that had been attributed to a spin-glass state'* are explained by
cycloidal ordering of the moments on the magnetic atoms."
Soft X-ray resonant scattering experiments indicated that the
ordering of the magnetic moments on the R atoms appears to
significantly increase the magnitude of the ordered moment on
the Fe atoms.'® The phenomenon of the negative magneto-
resistivity, a decrease of the electrical resistivity in the magnetic
fields,"” was recently observed in RM,Al; (R = Sc, Y, Ce, Yb,
Lu; M = Cr, Mn, Fe)."® This effect results from the Kondo
effect combined with a spin-glass state following crystallo-
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graphic disorder (usually due to M/Al mixtures). Other
intriguing phenomenon of negative magnetization, a decrease
of magnetic susceptibility in low magnetic fields'” observed in
several RT,Alg phases (R = Sc, Y, Ce, Yb, Lu; T = Cr, Mn,
Fe),”””' was initially assigned to superconductivity.”> The
bifurcation between the zero-field-cooled (ZFC) and field-
cooled (FC) magnetization curves of these phases resembles at
first glance the Meissner effect in a superconductor. However,
the existence of negative magnetization in these compounds
can be explained by a combination of inherent effects such as
negative exchange coupling among ferromagnetic (FM), canted
antiferromagnetic (AFM), and paramagnetic (PM) sublatti-
ces.'” Small deviations from the stoichiometric 1:4:8
composition (Fe/Al or Fe/R mixture) have a significant effect
on the magnetic properties.””~>" Other RFe,Aly compounds
with R = Th, U, and Np are antiferromagnetically ordered in G-
type spin configurations of the Fe atoms with spin orientations
along the c-axis.”®

Taking into account (i) the unusual, often controversial
magnetic properties of the RFe,Aly compounds, (ii) the fact
that ThMn,-type derivative intermetallic phases have recently
attracted renewed experimental and theoretical interest as
possible low-cost hard-magnetic materials,”® and, last but not
least, (iii) the possible superconductivity in quasi-1-D iron
compounds, we decided to investigate the crystal and magnetic
structure as well as the magnetic properties of the
stoichiometric CaFe,Al; compound, which contains only one
magnetic Fe-sublattice.

B EXPERIMENTAL SECTION

Synthesis. Starting materials for the synthesis of CaFe,Al; (sample
1, total mass = 0.4 g) were commercially available elements of high
purity: ingots of calcium (AlfaAesar, 99.5%), iron (AlfaAesar 99.98%),
and aluminum (ChemPur, 99.99%). At the first stage, the sample with
composition Fe:2Al was prepared by melting the elements in an arc
furnace equipped with a water-cooled copper hearth (Mini Arc
Melting System, MAM-1, Johanna Otto GmbH). To ensure
homogenization, the resulting regulus was turned three times. At the
next stage, pieces of Ca were stoichiometrically added to the Fe:2Al
precursor into a Nb container, which was then sealed. All
manipulations were performed in an argon-filled glovebox.

The container was placed into a silica glass tube, which was
evacuated and inserted in a vertical resistance furnace (LOBA, HTM
Reetz GmbH) connected to a thermo-controller (EUROTHERM). A
special heat treatment was performed to obtain single crystals suitable
for X-ray diffraction analysis. The silica tube with the sample was
heated to 1370 K within 6 h, kept at this temperature for 2 h, cooled to
1070 K at a rate of 0.1 K-h™’, kept for 96 h, and finally cooled to room
temperature at a rate of 0.1 K*h™. The CaFe,Al; compound was found
to be stable against air and moisture. Well-shaped single crystals were
selected from the sample for further examinations.

X-ray Investigation. The purity of the sample 1 was checked
using a STOE STADI P powder diffractometer with a Cu K, source
(A = 1.54051 A, Ge monochromator). To determine the lattice
parameters of CaFe,Aly, Ge powder was used as internal standard. The
powder diffractogram (Supporting Information, Figure S1) was
corrected using polynomial functions calculated from the matching
mode of the experimental and standard Ge-peak positions using the
WinXPOW package.®® Phase analysis was performed using structure
models from a database.'”'" The lattice parameters of CaFe,Al; were
refined on powder diffraction data using the FullProf Suite program.*’

Single-crystal intensity data were collected at room temperature
using a Stoe IPDS-IIT image-plate diffractometer with graphite-
monochromatized Mo Ka (0.71073 A) radiation. Corrections of the
raw data for background, polarization, and Lorentz effects were
applied. A numerical absorption correction was done using X-Red and

X-Shape software.*”** Relevant crystallographic data and conditions
for the data collections and refinement procedure are listed in Table 1.

Table 1. Crystal Data and Structure Refinement for CaFe,Alg
(X-ray Single Crystal Data)

empirical formula CaFe,Alg

formula weight 479.32 g/mol

space group, Z I4/mmm, 2

unit cell dimensions a=b=28777(1) A
c=5077(1) A
V=391.1(1) A®

calculated density 4.064 g/ cm?®

absorption coefficient (Mo Ka) 8.72 mm™!

F(000) 456

crystal size 0.08 X 0.05 X 0.04 mm®

0 range 4.6° to 29.0°

range in hkl +12, -12 <k <11, + 6
reflections collected 3634

176 (R, = 0.107)

160 (R, = 0.035)

independent reflections
reflections with I > 26(I)

data/parameters 176/16

GOF on F* 1.060

final R indices [I > 26(I)] R1 = 0.025
wR2 = 0.035

R indices (all data) R1 = 0.031
wR2 = 0.036

largest diff. peak and hole 0.525 and —0.596 e/A®

The starting atomic parameters for CaFe,Al; were obtained by Direct
Method with the SHELXS-2014.** Subsequently, the structure was
refined using SHELXL-2014 (full-matrix least-squares on E.2)* with
anisotropic atomic displacement parameters for all atoms. To check
the composition, the occupancy parameters were refined in separate
least-squares cycles. All the sites were found to be fully occupied. No
significant residual peaks were observed in the difference electron-
density map.

After the data collection, the single crystal was analyzed by EDX
measurements using a Jeol SEM S900LV scanning electron micro-
scope. No impurity elements heavier than sodium were observed. The
analysis revealed the following composition of the crystal (in atomic
percentages): Ca = 9(1), Fe = 31(6), and Al = 60(9), which is in good
agreement with the composition determined by X-ray and neutron
diffraction.

Neutron Diffraction. To examine the magnetic structure of
CaFe,Alg, an elastic coherent neutron scattering experiment was
performed at the Heinz Maier-Leibnitz Zentrum (Garching bei
Miinchen, Germany) on the high-resolution diffractometer SPODL*
Monochromatic neutrons (4 = 1.54832 A) were obtained at a 155°
takeoff using the 551 reflection of a vertically focused composite Ge
monochromator. The vertical position-sensitive multidetector (effec-
tive height: 300 mm) consisting of 80 *He tubes and covering an
angular spanning of 20 = 160° was used for the data collection. The
measurements were performed in Debye—Scherrer geometry. A 2 g
sample (2) of CaFe Al was obtained using the same synthetic route as
described above. The powdered sample (volume: ca. 1 cm®) was filled
into a thin-wall (0.15 mm) vanadium container (diameter 10 mm)
under argon atmosphere and mounted in a top-loading closed-cycle
refrigerator. Helium 4.6 (99.996% purity) was used as a heat
transmitter. The instantaneous temperature was measured using two
thin-film resistance cryogenic temperature sensors Cernox and
controlled by a temperature controller LakeShore Cryotronics. Two-
dimensional (2D) powder diffraction data were collected at fixed
temperatures in the range 4—300 K, where data with higher counting
statistics (2.5 h exposure time) were taken at 4 and 300 K. In addition,
a number of short exposures (ca. 30 min) was collected at fixed
temperatures in the temperature range 10—270 K. The collected 2D
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diffraction patterns were further corrected for the neutron monitor,
geometrical aberrations, and curvature of the Debye—Scherrer rings.””

Rietveld refinements were carried out using the software package
FullProf (Table 2).>' The peak profile shape was described by a

Table 2. Crystal Data and Structure Refinement for CaFe, Alg
(Pearson Symbol t126, Space Group I4/mmm, Z = 2) at 4
and 300 K (Rietveld Refinement, Neutron Data)

temperature 4K 300 K

479.32 g/mol
a=b=875778(7) A a=1b=2877844(7) A
¢ =5.06328(8) A ¢ =5.07521(7) A
V = 388.347(8) A3 V = 391.101(7) A3

formula weight

unit cell dimensions

calculated density 4.099 g/ cm?® 4.070 g/ cm?®

wavelength (1) 1.54832(5) A

step scan increment (260) 0.05

20 range 10—-151.9°

program FullProf

profile points 3020 3020

shape parameter n = 0.0777 n = 0.0950

Caglioti parameters U = 0.04914 U = 0.06174
V = —0.03062 V = —0.03537
W =0.11538 W = 0.11486

no. of reflns 148 148

no. of refined parameters 51 57

Ry 1.20% 0.47%

Ropugn 2.47%

Rp 2.59% 2.29%

chp 2.58% 2.55%

R,, 3.33% 2.76%

X 1.66 1.16

pseudo-Voigt function. The background of the diffraction pattern was
fitted using a linear interpolation between selected data points in
nonoverlapping regions. To deduce the evolution of the structural
parameters, the Rietveld method was applied. The scale factor, lattice
parameter, fractional coordinates of atomic sites, and their isotropic
displacement parameters, zero angular shift, profile shape parameters,
and half width (Caglioti) parameters were varied during the fitting.

Magnetic Measurements. Magnetic measurements were per-
formed on powdered sample 2 held in a gelatin capsule inside a plastic
straw using a Quantum Design MPMS XL-S5 SQUID Magnetometer.
The data were corrected for the experimentally determined
contribution of the sample holder and the diamagnetic contribution
of the core electrons (Pascal’s constants). Temperature-dependent
data were obtained by measuring the magnetic susceptibilities between
1.8 and 300 K in an applied magnetic field (H) of 1 kOe. The zero-
field-cooled (ZFC) susceptibilities were measured upon heating the
sample from 2 to 300 K in a magnetic field of 1 kOe after the sample
had been precooled in a zero magnetic field. The field-cooled (FC)
susceptibility data were obtained when the sample was cooled from
300 to 2 K in a magnetic field of 1 kOe. Field-dependent
measurements were carried out at 2, 10, 25, 150, and 300 K with
the field sweeping from —50 to 50 kOe.

Electronic Structure Calculations. The electronic structure
calculations were performed on the structural model from single
crystal data refinement. The linear muffin-tin orbital (LMTO) method
in the atomic sphere approximation (ASA) using the tight-binding
(TB) program TB-LMTO-ASA was employed.”® The exchange-
correlation term was calculated within the local density approximation
(LDA) and was parametrized according to von Barth and Hedin.”
The radii of the muffin-tin spheres were determined after Jepsen and
Andersen.*® The following valence functions were used for the basis
set for the short-ranged atom-centered TB-LMTOs: s valence function
for Ca; s, d valence functions for Fe, and s, p valence functions for Al

Ca-4p, —3d, and Al-3d orbitals were treated using a downfolding
technique.*'

The analysis of the chemical bonding was based upon theoretical
total, atomic orbital projected density of states (DOS) curves, plots of
the crystal orbital Hamilton populations (COHPs),* and the “fat
bands” representation of the band structure.” In the fat band analysis,
the character of the atomic orbital is represented as a function of the
bandwidth. From the COHP analyses, the contribution of the covalent
part of a particular interaction to the total bonding energy of the
compound can be obtained. All the COHP curves are presented as the
following: positive values are bonding, and negative values are
antibonding.

B RESULTS AND DISCUSSION

Crystal Structure. CaFe,Al; crystallizes in the tetragonal
body-centered CeMn,Alg-type, an ordered variant of the
ThMn,,-type, and is the first ternary compound reported in
the Ca/Fe/Al system. The positional parameters and
interatomic distances for CaFe,Alg are listed in Tables 3 and

Table 3. Atomic Coordinates and Isotropic Equivalent
Displacement Parameters for CaFe,Al; (X-ray Single Crystal
Data, 300 K)

atom  Wyckoff position x/a y/b z/c  UgX 10° (A%)
Ca 2a 0 0 0 52(3)
Fe 8f 1/4 /4 1/4 45(2)
All 8i 03402(1) 0 0 6.5(3)
A2 8j 0.2751(1) 1/2 0 4.5(3)

4, respectively. Only lattice parameters established from powder
X-ray diffraction data and the structure type have previously
been reported for CaFe,Alg: a = b = 885 A, c =489 A, V =
383.0 A>.* Slightly different lattice parameters were obtained in
our experiments (at room temperature): a = b = 8.77576(8), ¢
=5.07373(6) A, V = 390.75(1) A% (powder X-ray diffraction);
a =b = 877844(7), ¢ = 507521(7) A, V = 391.10(1) A3
(powder neutron diffraction); a = b = 8.7768(13), ¢ =
5.0766(8) A, V = 391.07(10) A’ (single crystal X-ray
diffraction), which are in good agreement with each other.
The discrepancy with the earlier published data may be
explained by possible Al/Fe substitution. As shown by recent
investigations, Al/Fe or R/Fe mixed occupancies are often
found in ThMn,,-type related structures and significantly
influence the magnetic properties.”>>” In nonstoichiometric
Scy,.Fey  Alg with nonmagnetic Sc and mixed Fe/Sc
occupancy, the iron magnetic moments at 4 K form an
incommensurate double cycloid structure.”> The ThMn,,-type
calcium aluminide CaCu,Al; has been reported as a
stoichiometric, ordered compound,46 whereas CaMn,_,Alg,
was reported as ordered (x = 0)," or with mixed Al/Mn
occupancy on the 8f site (x = 1).** Therefore, we determined
precisely the crystal and magnetic structures of CaFe,Alg based
on powder and single crystal X-ray diffraction data and carried
out powder neutron diffraction experiments.

The following structure description is mainly based on the
results of the single crystal data refinement. The main and most
important motifs in the structure are one-dimensional chains of
iron atoms along the 001 direction (Figures la and b). The
intrachain Fe—Fe distances of 2.538(1) A are only slightly
elongated as compared to bcc iron (2.48 A)* and are
significantly shorter than in iron-pnictide superconductors.'’
The Fe chains are separated from each other by a distance of
4.388(1) A, which excludes direct magnetic exchange interchain
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Table 4. Interatomic Distances (A) for CaFe,Alg (X-ray Single Crystal Data, 300 K)

distance (A)

distance (A)

Ca All 2.9857(13) (4x) Fe Fe 2.5383(4) (2x)

Al 32156(4) (8x) AR 2.5443(3) (4x)

Fe 3.3526(3) (8x) All 2.6555(11) (4x)

Ca 3.3526(3) (2x)

All Fe 2.6555(5) (4x)

Al2 2.7324(7) (2x) Al2 Fe 2.5443(3) (4%)

A2 2.7922(9) (2%x) All 2.7324(7) (2%x)

All 2.8054(18) (1x) AR 2.7919(12) (2x)

Ca 2.783(2) (1x) All 2.7922(15) (2x)

All 2.322(2) (4x) Ca 3.2156(8) (2x)
a) b b) superconducting A1S-type) are found in AFeCh, chalcogenides
T T T & (A =Na, K, Rb, Cs, T, Ch = S, Se)*°">* and Fe,Se,(en),”* with

bra T antiferromagnetically ordered moments on the Fe atoms.
= I i < r The shortest Fe—Al distances (2.544(1)—2.656(1) A)
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Figure 1. Crystal structures of CaFe,Al; (a and b) and Nb;Sn (c and
d) compounds underlining the d-metal chains. The nearest
coordination of d-metal atoms by p-element is shown (b and d).

interactions. The Fe chains run along the crystallographic 2,
axis; therefore, the nearest coordination of Fe atom is a
nonregular aluminum eight-vertex polyhedron. Similar well
separate one-dimensional d-metal chains (d(Nb—Nb) = 2.64
A) are present in the Nb;Sn superconductor (AlS type),
running, in contrast to CaFe,Aly, in three orthogonal directions
(Figures 1c and d).® The Nb atoms are tetrahedrally
coordinated by Sn atoms in a symmetrical fashion (Nb chains
coincide with the 42 axis). Chains of tetrahedrally coordinated
Fe atoms (similar to those formed by the Nb atoms in the

compare well with the sum of the single bond radii of Fe and
AlL* as well as with the Fe—Al distances in other
intermetallics."”"" The Al—Al distances range from 2.732(1)
to 2.805(2) A. The Ca—Al distances lie in the range of
2.988(1)—3.217(1) A, comparable to the distances in binary
Ca/Al compounds,'”"" whereas the Ca—Fe distance is
3.353(1) A, which is similar to that found in CaFe,Si,,”
CaFe,As,,’® or to the Ca—Cu and Ca—Mn distances in
CaCu,Alg and CaMn Al "o~ *

The coordination polyhedra of the atoms are presented in
Figure S3 (Supporting Information). The coordination around
the Ca atom can be viewed as a hexagonal prism with all faces
capped: 12 Al atoms and eight Fe atoms (coordination number
CN = 20). The iron atoms are coordinated by eight Al atoms,
two further Fe atoms, and two Ca atoms in the form of
distorted icosahedra (CN = 12). The coordination environ-
ment of All is a Frank—Kasper polyhedron (CN = 14)
composed of four Fe, nine Al, and one Ca atoms, whereas Al2
is coordinated by four Fe, six Al, and two Ca atoms that form a
distorted icosahedron (CN = 12).

Magnetic Structure. Analysis of the neutron powder
diffraction data obtained at 300 K revealed the major
contribution to diffraction pattern coming from CaFe,Alg
along with traces of FeAl’” and Feg,Al,¢."° The corresponding
powder pattern is shown in Figure S2 (Supporting
Information). Due to the low content of Feg,Al;,¢ phase
present in the sample of CaFe,Al;, no standard structure
refinement by Rietveld method can be performed; only the Le
Bail fitting of this phase was possible.”” The FeAl phase is
present in larger extent, ie. ca. 1:8 ratio of FeAl to CaFe,Alg

Table S. Atomic Coordinates and Equivalent Isotropic Displacement Parameters for CaFe,Al; (Neutron Powder Data, T = 4 K)
and Magnetic Models Consistent with a k = (0, 0, 0) Propagation Vector

atom Wyckoff position x/a

Ca 2a 0

Fe 8f 1/4

All 8i 0.3425(2)

AR 8 02746(2)
irreducible representation I, I

(% y 2) (u,—u,0) (uu,v)

(—x+1,-y+1,2) (—u,u,0) (—u—u,)

(—x+ 1,y -z+1) (—u,—u,0) (—uu,—v)

(% —y+1,—z+1) (uu,0) (uy—u,—v)

y/b z/c B, (A%)
0 0 0.82(2)
1/4 1/4 0.708(7)
0 0 0.79(2)
1/2 0 120(4)

I I; Fioa Iios
(u,—u,0) (uu,v) (uyv,w) (uv,w)
(—uu,0) (—u,—u,v) (uv,—w) (uv,—w)
(u,u,0) (u,—u,v) (u,—v,w) (—uv,—w)
(—u,—u,0) (—uu,v) (u,—v,—w) (—u,v,w)
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Figure 2. Stack of “short-time” neutron diffraction patterns of CaFe,Alg collected upon heating (a) and intensity evolution of the (110)
superstructure reflection upon heating (b). Log intensities are shown in false colors; the white dashed line highlights the appearance of
superstructure reflections.

o

Norm. neutron intensity (%) ~

b)

100 4

o0 CaFe Al,, T=4K

804 - observed
— calculated
—— difference
Bragg position

A=1.54832(5) A

70
60 - |

50—-

40-

30—-

20—-

10-

0
it maan | 11 THITTTATIT ORI TP 1 ¢
FegaAling 4 1

01 . ot v 4

A a®—=b
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Angle 20 (deg.)

Figure 3. Results of Rietveld refinements for neutron powder diffraction of CaFe,Al; data at 4 K (a) and orientation of the magnetic moments (b).
The calculated positions of the Bragg reflections for the nuclear and magnetic contributions (['3-based model) in CaFe,Al,, FeAl, and Feg,Al,, ¢ are
shown by the first (top), second, third, and fourth (bottom) rows of vertical tick marks, respectively. Red arrows show the orientation of the

magnetic moments; the blue spheres correspond to the iron atoms.

was determined. The structure model of CaFe,Al; from the
neutron data refinements (Table 5) coincides well with that
from the X-ray single crystal data (Table 3), and no Fe/Al
mixture was detected.

Sample cooling to 4 K and subsequent data collection
resulted in (i) a systematic shift of the major structural peaks to
higher 20 angles and (ii) appearance of superstructure peaks at
low 20 angles. A 2D plot of log diffracted intensities vs the 26
angle at different temperatures is shown in Figure 2a. The
systematic shift of the Bragg reflections upon cooling
(especially those at high 260 angles) toward higher 20 values
may be attributed to a cooling-driven thermal contraction,
whereas the appearance of additional intensities at super-
structure reflections (110, 130, 310, 112) in the low 26 range
indicates the rise of a long-range magnetic order.

Nonlinear least-squares fits of the thermal peak variation
(superstructure 110 reflection, obtained from a “short” data set)
with a critical function revealed an ordering temperature T, of
172(8) K (Figure 2b). No dominating character of the
magnetic order can be deduced from the critical exponent,
i.e, obtained critical exponent of 0.21(9) was found to be
slightly closer to the 2D Ising (f = 0.125) than to the 3D
Heisenberg (f = 0.38) value and might point to a tricritical
character of the magnetic transition.

The observed superstructure reflections were found to be
consistent with a k = (0, 0, 0) propagation vector, indicating the
identical metrics of the nuclear and magnetic lattices of
CaFe Alg. Long-range magnetic order of the iron moments is
assumed. In a body-centered lattice consistent with k = (0, 0,
0), the single Fe site with 8f Wyckoff symmetry splits into four
symmetrically equivalent sites: (x, y, z), (—x + 1, —y + 1, z),
(—x+ 1,5, —z+ 1), (x, =y + 1, —z + 1). Analysis of possible
magnetic representations was performed by the Bertaut
method® and revealed 5 irreducible representations forming
a subgroup G, (coinciding with I4/mmm symmetry and leaving
the propagation vector k invariant). Four irreducible
representations (namely I'l, '3, T'S, and I'7) are one-
dimensional, whereas I'10 is 2D.

Magnetic structures based on the 1D irreducible representa-
tions were constructed and tested by Rietveld refinements
(Figure 3a). The obtained parameters characterizing the
magnetic order, along with the fit residuals, are listed in
Table 5. The structural models built on the irreducible
representations I'l, I'S, and I'7 were ruled out during the
Rietveld refinements as they were incapable to simulate the
majority of the observed magnetic reflections, including the
strongest 110 one, thus leaving I'3 and I'10. For the 2D case,
the number of basic functions needs to be reduced assuming a
constant magnetic moment on equivalent iron sites (because
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they arise from the same orbit). Application of this approach
yielded two possible moment arrangements consistent with the
irreducible representation I'10 (marked as I'jp, and I'jgg).
Testing of the models based on the irreducible representations
I'oa and I'jgp resulted in unsatisfactory description of the
magnetic intensities.

The best fit was obtained using the magnetic model based on
the irreducible representation I'3 (magnetic space group I4'/
mmm/', group number 139.53S, corresponding to an arrange-
ment of mirror-inverted zigzag chains of Fe magnetic moments
along the c-direction of the tetragonal lattice). This model
resulted in a more reliable description of the experimental
neutron powder diffraction data and the magnetic R-factor R,,,
of 2.47%. A graphical representation of the selected magnetic
model is shown in Figure 3b. This arrangement of magnetic
moments allows canting of the magnetic moments (u, u, (v),
which was, however, found to be less than the corresponding
standard deviation (0.037(68), 0.037(68), 0.712(14)) =
0.714(16) py at 4 K. The resulting magnetic moment is
comparable to that reported for RFe Al,""!

No visible magnetoelastic coupling can be seen from the plot
of the thermal dependence of the lattice parameters of
CaFe,Alg, which smoothly and nonlinearly increase upon
heating (Figure 4). The c/a ratio reacts very weakly on
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Figure 4. Temperature dependence of the lattice parameters and cell
volume of CaFe,Al,. Lines correspond to the result of data fitting by
egs 1 and 2; calculated thermal expansion coefficients (TEC) a/(T) =
d Inl(T)/d(T) are shown in insets.

temperature changes but displays a nearly constant slope
around the ordering temperature (c/a = 0.578). The first-order
Griineisen approximation was applied to interpret the obtained
temperature dependence of CaFe, Al lattice. In this model, the
thermal behavior of the cell volume can be described as follows:

V(T) =V, + LU(T)

Ky (1)
where V|, denotes the hypothetical cell volume at zero
temperature, y is the phonon Griineisen constant, K is the
bulk modulus, and U is the internal energy of the system. Both
Griineisen constant and the bulk modulus are assumed to be
temperature-independent, and the Debye approximation for the
internal energy U in eq 1 takes the form

3 aDT 3
U(T) = Up(T) = 9NkBT[al) f A
0

X
b e —1

)

where 6}, is the Debye temperature, N is the number of atoms
in the unit cell, and k; the Boltzmann constant. This
approximation provides reasonable descriptions for the cell
volumes of different compounds, e.g. FeSi®> Besides the cell
volumes, the first-order Griineisen approximation can also be
applied to simulate the thermal dependence of the lattice
parameters in noncubic systems,”’ where the y/K ratio
becomes a fitting constant having no physical measure. Least-
squares nonlinear fits of eqs 1 and 2 to the experimental data
resulted in an adequate description of the lattice parameters
and cell volume of CaFe,Al; (see Figure 4). A Debye
temperature 6y of 452 + 11 K was determined. Despite the
tetragonal symmetry, the thermal expansion of CaFe,Al; was
found to be quasi isotropic.

Magnetic Properties. The absence of sites with mixed Al/
Fe occupation in the structure of CaFe,Alg and of any intrinsic
magnetic moment on the Ca and Al atoms gave reasons to
investigate the magnetic properties of the compound, which
depend entirely on the magnetic interactions between the Fe
atoms of the Fe chains.

A powdered sample of CaFe,Al; was characterized by
susceptibility measurements in ZFC/FC (zero-field-cooled/
field-cooled) mode at 20 Oe, 1 kOe, and 5 kOe and by
magnetization isotherms at different temperatures (300, 150,
25, 10, and 2 K) with fields up to S0 kOe (Figures S and S6).
The contribution of the impurity phases to the magnetic
susceptibilities of CaFe,Alg is considered as negli§ible. No
magnetic ordering is found in FeAl down to 2 K,6 whereas
Feg4Al;, 6 (redetermined structure of FeAl,) undergoes
magnetic phase transition at T ~ 32 K and T = 12 K
accompanied by a spin glass phase formation.”> Due to low
fraction of Feg,Al), ¢ in the studied sample, no magnetic effects
at 32 and 12 K were detected.

The thermal dependencies of the molar magnetic suscepti-
bilities indicate no superconductive transition down to 1.8 K.
Below 180 K, the susceptibility increases significantly,
indicating the development of magnetic ordering, and a slight
bifurcation between the ZFC and FC susceptibilities can be
detected, yielding a weak ferromagnetic component to the long-
range order (Figure Sa). The ferromagnetic behavior appears
more significantly at temperatures of about 1.8—25 K. The
value of effective magnetic moment of 3.83 up/Fe atom,
obtained by fitting the data with the Curie—Weiss law in the
paramagnetic temperature region in the range 190—300 K, is
lower than the theoretical values expected for the effective
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Figure S. Magnetic properties of CaFe,Alg: molar magnetic susceptibility y,, (ZFC/FC mode) and inverse molar magnetic susceptibility 1/,
(insert, FC mode) as a function of temperature in a field of 1000 Oe (a); field-dependent magnetization measured at 300, 150, 25, 10, and 2 K (b).

magnetic moments of free Fe** and Fe** ions (yqg(Fe**) = 5.92
uB and pg(Fe**) = 490 uB). We believe the reduced moment
value to be related by the considerable covalence of Fe—Al
bonds and by the direct Fe—Fe interaction within the Fe chain
as well (Supporting Information, Figure S4). The Weiss
constant determined to be 6, = —154 K suggests predominant
antiferromagnetic interactions (Figure Sa, insert). The irrever-
sibility in the magnetic susceptibilities (ferromagnetic con-
stituent) is also reflected in the magnetization isotherms
(Figure Sb). Above the transition temperature T, (at 300 K),
the magnetization is almost linear with no remnant magnet-
ization or coercitivity, whereas below the transition temper-
ature, at 150, 25, 10, and 2 K the remanence increases with
decreasing of temperature and at 2 K is about 0.03 yg/Fe atom
along with a coercitivity of about 120 Oe. The observed
ferromagnetic contribution corresponds to the spin canting
allowed by the group theory. However, the S-shaped form of
the magnetization M(H) isotherms and the cusp-like
bifurcation of the ZFC/FC susceptibilities at about 30 K, as
well as the low value of the magnetic moment on the Fe atoms
estimated from neutron diffraction (0.71 up) compared to the
effective magnetic moment from magnetic susceptibility data
(3.83 pg), indicate the presence of a short-range ordered state
along with the long-range ordered canted AFM spin arrange-
ment.

Electronic Structure Calculations. To examine the
electronic properties of CaFe,Al;, the total density of states
(DOS) as well as the atomic orbital projected density of states
(pDOS) were calculated (Figure 6). No band gap at the Fermi
level indicates metallic character of the title compound. The
DOS of the valence band at lower energies (from —10 to —$
eV) is mainly built up by Al-s states with a small contribution of
Al-p states. In the region from —5 to —1 eV, the Fe-d and Al-p
partial DOS of similar shape are predominant, indicating
hybridization of these orbitals and correspondingly covalent
Fe—Al bonds within the [Fe,Alg] network. Calculation of the
crystal overlap Hamiltonian population (COHP) for this region
of the DOS indicates significant Fe—Al interactions, whereas
the Al—Al bonding is much weaker (Supporting Information,
Figure S4). The electronic bands around the Fermi level, which
are often responsible for superconductivity, are dominated
mainly by the Fe-3d orbitals. The most remarkable feature in
the DOS of CaFe,Alg is the appearance of narrow peak at the
Fermi level, which provide the dominating contributions to
N(Eg). This local maximum, formed predominantly by Fe-d

Er

total

DOS (states/eV cell)

ENERGY (eV)

Figure 6. DOS and projected DOS calculated for CaFe,Al,.

states, can be correlated to a degree of structural or magnetic
instability. The situation in the vicinity of the Fermi level in the
DOS is mirrored in the fat band analyses (Supporting
Information, Figure SS). The analysis of the fat bands reveals
that the peak in the DOS at Ej. arises from contributions of Fe
3d,.,. orbitals, which correspond to the antiferromagnetic Fe—
Fe interactions within the Fe chains. This Fe—Fe bonding is
strongest and dominant in the structure of CaFe,Alg, as shown
by the COHP calculations (Supporting Information, Figure
S4). The half-filled Fe—Fe antibonding states in the valence
region have significant d—d o* contributions at the Fermi
energy Ep. The contribution of Al-p and Ca-s,d states to the
Fermi surface is small but nonzero.

B CONCLUSIONS

The crystal structure of CaFe Al was studied by both X-ray
single crystal and high-resolution neutron powder diffraction.
The temperature-dependent neutron diffraction study confirms
its isostructurality in the temperature range of 4—300 K
Despite the tetragonal symmetry, CaFe,Alg is characterized by a
quasi-isotropic thermal expansion pointing on its isotropic
structural nature. The hypothetical zero Kelvin value for the cell
volume, V;, as well as the temperature-independent y/K ratio
and the Debye temperature 0}, were determined as 388.257(9)
A3 1.58(3) x 107"? Pa™!, and 452(11) K, respectively.
Chains of Fe atoms parallel to the fourfold axis are
considered to be the most remarkable structural motif of
CaFe Al;. Similar d-metal chains in the Nb;Sn and other A1S
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compounds are generally considered as a hint for super-
conductivity, which motivated us to study the magnetic
properties of CaFe,Al; in detail. As shown by magnetic
measurements and neutron diffraction, this compound exhibits
antiferromagnetic ordering at 180 K. The magnetic structure
determined at 4 K by neutron diffraction was found to be
antiferromagnetic of spin-canted C-type (cC-AFM for short).
The magnitude of the ordered magnetic moment on the Fe
atoms refined to 0.71(2) ug at 4 K. The magnetic moments
form mirror-inverted chains parallel to the c-direction of the
tetragonal lattice. The antiferromagnetic ordering of the iron
sublattice is accompanied by a weak ferromagnetic component
resulting from spin canting. The tilt of the magnetic moments,
resulting in canted antiferromagnetism, is most probably caused
by the unusual nearest coordination of the Fe atoms. As shown
by nonspin-polarized electronic structure calculations, in
CaFe,Al; the antibonding Fe-d orbitals are half-filled at E,
which causes the ordering of magnetic moments at low
temperatures. Similarly, the parent compounds of super-
conducting iron pnictides mostly host a C-type (collinear)
antiferromagnetic order within the square-planar Fe layers
(with in-plane spin alignment), which produce the pairing
interaction for superconductivity. The compounds containing
such quasi-one-dimensional transition metal chains are thus
quite interesting and promising objects for investigating the
correlation between the structural and magnetic peculiarities as
well as their relation to superconductivity.
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