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A CajzAl;4033 mayenite single crystal with 0.26(1) at.% of the metals substituted by Ni was synthesized. Single
crystal XRD confirms that about 10 at.% of Al and Ca partially occupy split crystallographic sites with lowered
point symmetry. Ni K-edge XAS reveals that Ni is present as Ni2* and substitutes Al on tetrahedral oxygen co-
ordinated sites. UV-VIS analysis further points to the partial occupation of the trigonally distorted Al(1) and Al
(1B) sites by Ni®*. In accordance with the results from the analytical methods, the magnetic model consists of
Ni?* with spinS=1ona trigonally distorted tetrahedral coordination site. The J-mulitplet splitting due to spin-

orbit coupling with a non-magnetic J = 0 ground state determines the characteristic thermomagnetic properties
which show a maximum of the effective paramagnetic moment of 3.61(1) up at about 191 K and an uniaxial
anisotropy (crystal field parameter Bg = 69.5(2) cm’l).

1. Introduction

Mayenites form a group of nano porous oxides based on the mineral
‘mayenite’ Caj2Al;4033. Often the short notation C12A7 is used as its
composition can formally be described as 12 CaO - 7 AlyOs. Its crystal
structure consists of a positively charged (Ca12A114032)2+ framework
that exhibits six cage-like vacancies per unit cell. In the parent com-
pound charge neutrality is achieved by the 33rd ‘free’ oxide ion (also
denoted as ‘cage oxygen’), which statistically occupies one of the six
cages and leads to a high ionic conductivity at elevated temperature.
Mayenite is therefore an interesting material for various applications
including solid oxide fuel cells, oxygen gas sensors, or oxidation catal-
ysis. The most interesting aspect about mayenite is the large variety of
ions that can occupy the cage positions. Besides 02", anions like C1 ™, F~,
(OH)™ [1,2], or for even more ‘exotic’ ions like O~ [3], H™ [4] O3, or
electrons e~ [5] have been reported. Several studies have been pub-
lished considering the effects of cation substitution in mayenites. Sub-
stitution on the Al site by Zn and P was reported to increase the

activation energy and to reduce the low temperature ionic conductivity
[6] whereas for substitution by Si an improved conductivity was found
[7]. Electron paramagnetic resonance was used for obtaining structural
information about speciation and local environment in Gu?* substituted
mayenites [8]. Ir*" incorporated mayenite single crystals were reported
to form by Czochralski crystal growth in Ir crucibles [9]. A comparative
study of oxygen transport was published for one nominally undoped,
one iron-doped and one nickel-doped mayenite single crystal [10].
Single crystals of mayenite with 1 at.% of Al substituted by Fe (corre-
sponds to ~0.54 at.% referred to all metals) were found to exhibit a
slightly lowered conductivity under reducing conditions compared to
the pure mayenite [11]. Further, it was reported that the Fe®" ions
substitute AI>" on tetrahedral sites and that the magnetic properties can
be explained by a spin-only S = %/, with quasi free-ion behaviour.

In this work, a mayenite single crystal has been grown by the floating
zone technique with a small amount of 0.26(1) at.% of the metals
(predominantly AI3") substituted by paramagnetic Ni®™ jons. The
magnetic properties are very different compared with those of the Fe
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substituted mayenite, since for Ni?* the strong orbital momentum
contribution and spin-orbit coupling cause a strong deviation from a
free-ion like behaviour. The chemical composition of the grown crystal
has been precisely determined by ICP-OES, the crystal structure has been
characterized by single crystal XRD, and the oxidation state as well as
local oxygen coordination by synchrotron XAS. By UV-Vis absorption
spectroscopy, more detailed information about the local oxygen coor-
dination of the substituting Ni2™ was obtained. Comprehensive DC
magnetometry data were fitted by a phenomenological Hamiltonian
approach to extract information about the spin and orbital momentum
contribution, as well as local uniaxial anisotropy. Heat capacity and
electric transport measurements complete the physical property char-
acterization of the C12A7:Ni single crystal.

2. Materials and methods
2.1. Crystal synthesis

Growth of the Ni-substituted C12A7 crystal with nominally 1 at.% of
Al substituted by Ni was carried out as described in detail in Ref. [12]. In
short, a polycrystalline sample was prepared by solid state synthesis at
1250 °C starting from high-purity chemicals. After milling and hydro-
statical pressing to rods, crystal growth was carried out in a Crystal
Systems Corporation optical floating zone furnace model
FZ-T-10000-H-VPO-PC equipped with four 1000 W halogen lamps under
100 ml min~! gas flow (2 % 02/98 % Na). To achieve high-quality
crystals, a two-step crystallization was applied in which the material
was first molten/crystallized with 5 mm h ™! followed by a second, much
slower crystallization at 0.2 mm h™!. The obtained crystal is denoted as
C12A7:Ni throughout the manuscript. For all measurements presented
in this work selected pieces were cut from the same C12A7:Ni crystal.

2.2. ICP-OES

The chemical composition was determined via inductively coupled
plasma optical emission spectrometry (ICP-OES) using an iCAP 7600
DUO (Thermo-Fisher-Scientific). Three different pieces of the C12A7:Ni
crystal were separately dissolved in an acidic solution with supporting
heating by microwave radiation and the solutions were investigated
regarding the mass fractions of the metals Al, Ca, and Ni. Standard de-
viations were determined from statistical analysis of the results from the
three different samples.

2.3. Single crystal X-ray diffraction

Single crystal X-ray diffraction (SCXRD) data was collected using Mo
Kq radiation (A = 0.71073 A) generated by a micro focus sealed X-ray
tube (Mo Genix 3D) with a multilayer optic on a STOE STADI Vari
(Pilatus Hybrid Pixel Detector 300 K) at 180 K (Oxford Cryosystem). A
small part of the C12A7:Ni crystal was ground into smaller pieces, put
into perfluoroalkylether oil and a suitable crystal for SCXRD was
selected. Raw intensity data were collected and treated with the STOE X-
Area software, e.g. corrected for Lorentz and polarization effects. With
the implemented program STOE LANA, inter frame scaling of the dataset
was done as well as multi-scan absorption corrections applied by scaling
of reflection intensities [13]. Using Olex2 [14] the structure was solved
with the ShelXT [15] structure solution program using intrinsic phasing
and refined with the ShelXL [16] package by least squares minimization.
Structure images were prepared using Diamond [17]. The Ca, Al, and O
atoms were refined with anisotropic displacement parameters with
exception of the disordered sites Al(1B) and O(3), which were refined
isotropically.

2.4. Synchrotron X-Ray absorption spectroscopy

Synchrotron X-ray absorption spectra (XAS) were obtained at the
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BL22-CLAESS beamline [18] (ALBA CELLS synchrotron, Barcelona,
Spain) using a C12A7:Ni crystal piece of approximately 15 mg with the
a,b-plane at 45° with respect to the incoming beam. The XAS spectrum
was measured from 8.225 to 9.500 keV in fluorescence mode by means
of a multichannel silicon drift detector. The energy scale was calibrated
with a Ni metal foil standard. From the extended X-ray absorption fine
structure (EXAFS) spectrum a k-range from 2.58 to 10 A" was selected
for Fourier transformation (FT) of the k> weighted EXAFS oscillations.
For processing, analysing and simulating the XAS data the Demeter [19]
program package was used.

2.5. UV-VIS

UV-vis absorption spectrum was measured on the same C12A7:Ni
crystal piece as used for XAS (see Fig. S1) on a PerkinElmer Lambda 900
spectrophotometer in reflection mode inside a Labsphere integrating
sphere.

2.6. Magnetic measurements

The DC magnetic moment was measured with a physical property
measurement system (PPMS) DynaCool from Quantum Design equipped
with a vibrating sample magnetometer (VSM) option. For the magnetic
measurements, two crystal pieces with a total weight of 29.5(1) mg were
stacked on each other along identical crystallographic orientation to
increase the signal and attached with polyimide tape (weight 14.5 mg)
to the quartz glass paddle sample holder. The crystallographic direction
<100> of the crystals was oriented parallel to the external magnetic
field direction (= z quantization axis of the magnetic moment). For a
special measurement probing the macroscopic anisotropy the crystal
was rotated around 45° (see also Fig. S2 for illustrations). All mea-
surements were performed under a ~10 Torr He 5.0 gas atmosphere.
The magnetic moment vs. temperature was measured with applied
external fields yoH of 0.5, 1, 3, 5, 7, and 9 T. For each field, the sample
was first cooled to 2 K and the magnetic moment was measured during
heating in temperature settle mode from 2 to 50 K and in sweep mode
with 2 K/min from 50 K to 300 K with a temperature increment of 1 K
and an average measuring time of 10 s per point. The magnetic moment
vs. field was measured at 1.8, 2, 4, 7, 11, 16, 22, 29, 37, 46, 75, 100, and
300 K from O to 9 T with a field increment of 2500 Oe (0.25 T) starting at
the lowest temperature. The complete sequence of measurements for all
temperature and field scans was repeated with the sample removed from
the holder, i.e. only with the holder and the polyimide tape contributing
as diamagnetic susceptibility yhoider- The diamagnetic contribution of
the atomic closed shells y,¢s from Al, Ca, Ni, and O was determined by
the incremental method according to the values listed in Table S1 that
were taken from Ref. [20]. The paramagnetic susceptibility ypara Stem-
ming exclusively from localized moments as confirmed below was
determined from the total measured susceptibility yi.+ according to

Xpara = Xtot — Xacs — Xholder (@)

and is set to ypara =  in the following for convenience (see Figs. S3 and
S4). The magnetic models were refined to reproduce the temperature
and field scans using the program PHI [21]. Equations A 1-4 (listed in
Appendix A) describe the corresponding terms of the utilized phenom-
enological Hamiltonian.

2.7. Heat capacity

The isobaric heat capacity C, was measured via the relaxation
method using the heat capacity option of the PPMS DynaCool (Quantum
Design) under high vacuum (<10 mTorr He atmosphere). At each
temperature, three measurements were performed with a 2 % relative
temperature rise. An addenda measurement with a small amount of heat
transfer grease Apiezon N (Sigma Aldrich) on the sample platform was
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measured from 300 to 1.8 K at 49 different log;-separated tempera-
tures. A sample piece with dimensions 5.13(5) x 3.34(5) x 0.72(5) mm?
and 31.2 mg mass was first measured from 100 to 1.8 K at 40 different
logjo-separated temperatures in zero field and subsequently at the same
temperatures with a magnetic field of yoH = 7 T perpendicular to the
large basal planes. Finally, the heat capacity was measured from 100 to
300 K in 10 K steps in zero field.

2.8. Electric conductivity

Electric conductivity was measured using the PPMS electric trans-
port option (ETO) (Quantum Design). The basal planes of the same
crystal piece used for the Cp measurement (Fig. S1) were covered with
conductive silver epoxy ACHESON 1415 (Plano) and contacted with Cu
wires to the measuring device. The resistivity was measured via a 2-wire
set up and in alternating current (AC) mode at a low frequency of 1 Hz.

3. Results and discussion
3.1. ICP-OES

The chemical composition was determined via ICP-OES for three
different pieces of the crystal. Table 1 presents the obtained mass frac-
tions for Al, Ca, and Ni together with their statistically determined
standard deviations. From these mass fractions the average metal atomic
concentrations c,y are calculated with the sum of all metals set to one.
The upper/lower limit Ni concentrations cyp/clow are determined by
assuming the minimum/maximum concentration for the sum of Al and
Ca on one side and maximum/minimum concentration for Ni on the
other side according to their standard deviations. As a result, the Ni
concentration in the samples according to the ICP-OES results is 0.26 (1)
at.% referenced to the sum of all metal ions Ca, Al, and Ni. Following a
substitutional approach by leaving the number of all metal atoms
(Ca, Al, and Ni) at 26 per formula unit as in the ‘typical mayenite’
composition 12 CaO - 7 Al;03—Caj2Al14033, the metal sum formula can
then be written as Cal2.05(2)A113'88(1)Ni0.068(2) (see also Table S2). From
this sum formula a preference for Al substitution by Ni is indicated as
will be confirmed by the results from EXAFS presented in section 3.3. We
note that the experimental chemical composition is different from the
nominal one CajAl;386Nig 14033, i.e. less Ni than expected is found in
the crystal. This indicates that the partition coefficient of nickel between
the melt and the solid C12A7 is significantly different from unity, in
contrast to one of iron [11].

3.2. Single crystal X-ray diffraction

C12A7:Ni crystallizes in cubic I43d symmetry (space group no. 220)
with cell parameter a = 11.9799(6) A at 180 K. Table 2 lists cell pa-
rameters for a selection of mayenite single crystals and powders as given
in literature for comparison. The measured lattice parameter a is the
smallest in the list and closest to that measured for Ca;5Al14033 at 50 K
by neutron powder diffraction (NPD). Due to a positive temperature

Table 1

Average metal contents and standard deviations as determined by ICP-OES for
three crystal pieces of C12A7:Ni. Standard deviations are statistically deter-
mined from the results of the three samples. cay, Clow and ¢y, are the average and
the lower and upper limit atomic concentrations with the sum of all metals set
equal to one.

element  avg. stand. molar mass Cav Clow Cup
cont. dev. (wt. (g/mol)
(wt.%) %)
Al 26.7 0.1 26.98154 0.53411  0.53368  0.53455
Ca 34.4 0.2 40.07800 0.46328  0.46385  0.46270
Ni 0.284 0.014 58.69340 0.00261  0.00247  0.00275
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expansion coefficient the lattice parameters reported for room temper-
ature have increased to about 11.989 A. Furthermore, metal substitution
by Ga or Fe as well as small partial oxygen substitution by free electrons
(electride) also cause a slight increase of the lattice parameter. Overall,
the effect of Ni substitution on the lattice parameter cannot be
discriminated from the thermal expansion effects that are present
simultaneously. The structural analysis of the C12A7:Ni reproduces the
findings of Ebbinghaus et al. and Sakakura et al. (see Table 2). Refine-
ment of the main electron density peaks results in a sum formula
Caj2Al;4035. These atoms form a cage structure in which the AI** ions
Al(1) (.3. site symmetry) and Al(2) (4.. site symmetry) are (distorted)
tetrahedrally surrounded by four oxygen ions (see also Table 3) and at
first glance each Ca®" ion Ca(1) is coordinated by six oxygen ions in a
distorted trigonal pyramidal fashion [22] (Fig. 1). As reported by
Ebbinghaus et al. [22] and others, about 10 % of the Ca®" ions Ca(1) and
also about 10 % of the AI** ions Al(1) reveal a static site disorder with
additional sites Ca(1B) and Al(1B), respectively. The additional Al(1B)
site with triclinic/pseudo trigonal point symmetry corresponds to
occupation of neighbouring oxygen tetrahedra. The 331 oxygen that is
required for charge neutrality is reported to be disordered/dislocated in
the cages in proximity to the Ca2' ions. Similar to the findings of
Ebbinghaus et al. for pure Ca;2Al;403s, it was refined for the C12A7:Ni
crystal as O(3) on general site 48e forming a ‘distorted capped quadratic
pyramidal’ coordination polyhedron around each Ca(1B) ion. Upon the
additional refinement of O(3), the R; drops from 2.16 to 2.04 % and wRy
from 5.58 to 5.09 %. However, the localization and assignment of the
disordered 33 oxygen O(3) atom is somewhat ambiguous in view of its
disorder and the expected low electron density (site occupation factor
only 2/48 = 0.0417). Inspection of the displacement factors reveal an
increased value with respect to the other oxygen ions, which might be
indicative for a lower site occupation factor. Free refinement of the site
occupation factor indicated a reduced value of 0.03114 leading to an
overall content of oxygen of 32.747 instead of 33. Considering the
abovementioned ambiguity about the refined 33™ oxygen, the oxygen
content of the C12A7:Ni can be described as 33—& with a small oxygen
deficiency ~0 < & < ~0.25 considering these ambiguities. Together
with the metal ratios as determined by ICP-OES this leads to the sum
formula Caj2 05(2)Al13.88(1)Nio.068(2)033—5. No specific information can
be extracted about the Ni positions from SCXRD due to its very low
concentration.

3.3. Synchrotron X-Ray absorption spectroscopy

Ni-K edge near edge absorption (XANES) and extended X-ray ab-
sorption fine structure spectrum of good quality have been measured to
access the Ni local electronic properties and structure. Ni XANES is
shown in Fig. 2a for C12A7:Ni together with a reference spectrum of NiO
[29] with octahedral Ni-O coordination (space group Fm3m, no. 225).
The much stronger pre-edge peak of Ni in C12A7:Ni at around 8332.5 eV
is explained by the non-centrosymmetric tetrahedral coordination with
much stronger p-d intermixing, enabling normally forbidden s-d transi-
tions as compared with the octahedral (centrosymmetric) coordination
of Ni in NiO. The energy positions of the pre-edge of C12A7:Ni and the
absorption edge itself are very similar to those of NiO indicating that
nickel is present as Ni?" in C12A17:Ni. While NiO shows a pronounced
white line at about 8350 eV, the C12A7:Ni crystal present two main
peaks at slightly higher and lower energies indicating a different local
geometry. The Fourier transform (FT) of the k? weighted EXAFS oscil-
lations (Fig. 2b) shows two main features that can be ascribed to the
Ni-O and Ni-Ca/Al first coordination shells, respectively. Simple single
scattering path EXAFS FTs were simulated (and rescaled in intensity) for
the Caj2Al;4033 structure as determined by SCXRD for Ni positioned on
either an Al(2) (very similar results were obtained for Al (1)) or on the
Ca(1) site, respectively, considering only the nearest oxygen and Ca/Al
atoms as defined in Table S3. From the comparison of the experimental
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Table 2
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Composition, lattice parameter a, total number of Ca and Al crystallographic sites, applied analytical method and the measuring temperature for various mayenites.
SCXRD: single crystal X-Ray diffraction, SCSRD: single crystal synchrotron radiation diffraction, NPD: neutron powder diffraction, PXRD: powder X-ray diffraction. »

rt: room temperature.

Reference composition lattice parameter a &) 2 Ca sites 3 Al sites method® temp. >
Bartl et al. [23] Cai2Al;4033 11.989(1) - - SCXRD rt
Ebbinghaus et al. [22] Ca1Al14033 11.9883(4) yes yes SCXRD rt
Sakakura et al. [24] CajoAli4033 11.989(3) yes yes SCSRD 298
Kiyanagi et al. [25] CajoAli14033 11.98127(2) yes no NPD 50
Boysen et al. [26] Ca1Al14033 11.9794 yes no NPD 298

12.0308 yes no NPD 973
Palacios et al. [27] Caj»Al13Ga0s33 11.99734(6) yes no PXRD/NPD rt
Ebbinghaus et al. [11] CajoAl; 4033 with 1 mol % 11.9904(4) - - PXRD rt
Palacios et al. [28] Ca1Al14033 11.98681(1) yes no PXRD/NPD rt

CajpAl 40325 11.99215(1) yes no PXRD/NPD rt

Matsuishi et al. [5] CajoAli1403, 11.998560(13) no no PXRD rt

12.00472(24) no NPD rt
this work Cai2.05Al13.88Ni0.068033-5 11.9799(6) yes yes SCXRD 180

Table 3

Al-O and Ca-O coordination polyhedra for various sites according to the refined
structural data from SCXRD obtained for the C12A7:Ni crystal.  site occupancy
factor, P site occupancy factor 2/48 = 0.0417 on the 48e site.

site symmetry central atom coordination  distance
(Wyck., 5.0.£2) A)
1. ideal tetrahedron (4..) Al(2) (12b, 1) 4-0(1) 1.7390
13)
2. trigonal distorted Al(1) (16c, 0.9) 3-0(1) 1.7797
tetrahedron (.3.) a4
1-0(2) 1.725 (2)
3. triclinic distorted Al(1B) (48e, 0(1) 1.850 (14)
tetrahedron (1) 0.0333)
that is quasi trigonally o) 1.689 (16)
distorted
0(2) 1.687 (15)
oE» 1.67 (4)
4. monoclinic distorted Ca(1) (24d, 0.869) 2:0(1) 2.3447
trigonal bi-prism (2..) 13)
2:0(1) 2.5132
(18
2:0(2) 2.4164
an
5. monoclinic distorted Ca(1B) (24d, 2:0(1) 2.396 (4)
capped 0.131)
quadratic pyramid (2..) 2-:0(2) 2.3539
(10)
2:0(3)” 2.16 (4)
2:0(3)” 2.50 (4)

Ca(1B) Ca(1)

0/(3)

Ca(l) | Jca(1B)

Fig. 1. Section of refined crystal structure obtained for the C12A7:Ni single
crystal from SCXRD for illustration of split crystallographic sites and coordi-
nation polyhedra.

CayAl, 04 Ni
0.5 NiO
0.0+ . . . .
8330 8340 8350 8360
energy (eV)
1.0
b) experiment: Ca,,Al,,055:Ni

simulation: Ni on Al(2) site
simulation: Ni on Ca(1) site

IX(R)CID(A‘3)
%

0.0 p=b S .

0 1 2 3 4 5 6
radial distance (R+AR) (A)

Fig. 2. a) Ni K edge XANES data obtained for the C12A7:Ni crystal and for a

NiO powder reference material. b) FT of the k? weighted EXAFS oscillations

empirically measured for the C12A7:Ni sample and simulated from SCXRD with
Ni substituting either on the Al(2) or the Ca(1) site (see Table S3).

FTs with the simulations, it can be concluded that Ni substitutes Al on
(distorted) tetrahedrally oxygen coordinated sites in C12A7:Ni. This is
also in agreement with the fact that the ionic radius of Ni%* (0.69 Ain
4-fold coordination) is much closer to that of ARt (0.53 A in 4-fold
coordination) than that of Ca®* (1.14 A in 6-fold coordination) [30]
and also with the results from other works were the Al is reported to be
partially substituted by iron [11]. Under the reasonable assumption that
Ca is present as Ca2t and Al as AI**, a substitution of an AI** by a Ni%*
would produce one (relative) negative charge that would need to be
compensated by the release of 0.5 0%~ from the lattice. The substitution
of only 0.068(2) AI** by Ni?* per formula unit would consequently be
accompanied by an oxygen deficiency of only 8s ~ 0.034 that is small
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compared with § ~ 0.25 as suggested by the results from SCXRD, where
the existence of the 33" oxygen can only be determined with some
uncertainty.

3.4. UV-VIS

Pure mayenite single crystals are transparent for visible light [10,
11]. In most stable binary and ternary Ni-containing oxides nickel is
present as Ni>* and occupies octahedrally coordinated sites resulting in
yellow or green colour appearance [31]. Ni®* can (partially) be
substituted also on tetrahedrally coordinated sites as reported for garnet
[32] and hibonet [33] host structures for instance. The
non-centrosymmetric tetrahedral oxygen coordination usually results in
a blue/turquoise colour appearance. The transition from the ground
state 3T1 (P to the 3T1 (®P) excited state here dominates the absorption
characteristics from low energy red colour light to high energy green
colour light [33]. Fig. 3 presents the UV-VIS absorption spectrum ob-
tained for the C12A7:Ni crystal in reflection geometry. The excited 3Ty
ép) is split into the 3A2 (®P) and 3E (°P) state and creates an absorption
gap for green light from about 2.16 to 2.26 eV. This strong state splitting
can be explained by the (quasi) trigonal point symmetry reduction from
T4 to Csy that is most prominently realized for the Al(1B) and to some-
what smaller extend also for the Al(1) crystallographic site and as a
consequence, the C12A7:Ni crystal has a green (also reported in
Ref. [10]) and not a blue colour appearance. The partial substitution of
the (quasi) trigonal Al(1) and/or Al(1B) site by Ni?*t is also in agreement
with the results from DC magnetometry discussed below.

3.5. Magnetic characterization

The magnetometry data were corrected for diamagnetic contribu-
tions and the molar quantities were normalized to the Ni content ac-
cording to the average composition Cajz045Al13.887Ni.068033
(Table S2). As presented in Fig. 4, the field scans up to 9 T at 13 different
temperatures ranging from 1.8 to 300 K as well as the temperature scan
from 1.8 to 300 K at 9 T can very well be described by a magnetic model
based on a phenomenological Hamiltonian that makes use of the T-P
isomorphism to simplify the calculations of a many d electron system in
a crystal field as outlined in Refs. [34,35] (see equations A1-4 as listed in
Appendix A for the description of the Hamiltonian). According to the
XAS results, Ni is present as Ni2* on basically tetrahedral sites in C12A7:
Ni. Ni®** has an [Ar]d® electronic configuration with two unpaired
electrons forming a total spin S = 1 and a °F term as free-ion ground
state. 3P is the first excited term with same multiplicity. In an ideal
tetrahedron, the 3F term splits into a 3T1 ground state and the excited 3T2

wavelength (nm)
2000 1100 750 600 500 400 350

e 3A|2 (3F) <—Td—>37- (3P)

absorption (a.u.)

10 15 20 25 30
energy (eV)

Fig. 3. Section of UV-VIS spectrum for the C12A7:Ni crystal measured in
reflection. The absorption peaks correspond to electronic transitions and the
final states are given for an ideal tetrahedral T4 and for a trigonal distorted Cs,
point symmetry that describes the coordination of the Ni*" within the
mayenite host.
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and %A, states, and the 3P term transforms into a °T; state. The °T; CP)
allows for an orbital momentum contribution that might even be
enhanced by admixture of the isosymmetric 3T1 (®P) state. In contrast,
for an [Ar] aé configuration in an octahedral crystal field with 3A2
ground state, the orbital momentum would be quenched. Applying the
T-P isomorphism (in which the introduced triplet P term with effective
L =1and my = -1, 0, +1 quantum mechanically mimics the three-fold
degenerate triplet T state), the corresponding model C12A7:Ni consists
of aspin S = 1 that is coupled to an effective orbital momentum L = 1 via
a spin orbit coupling (SOC) constant isoc. The orbital momentum is
modified by an orbital reduction parameter cog = —A-k that accounts for
effective orbital angular momentum due to covalency or low symmetry
via the empirical constant 0 < x < 1. The prefactor A attributes to the
T-P isomorphism and equals 3/, when representing a T; state as in the
present case. Note that oo in the applied model represents a parameter
with some ‘scaling properties’, i.e. small deviations in the real Ni con-
centration might affect this parameter and a quantitative evaluation
should therefore be considered critically, especially in the given case
with low Ni concentrations. Trigonal distortions of a tetrahedral coor-
dination (as present for the Al(1) and AI(1B) sites) would cause a
splitting of T into a doubly degenerated E and a non-degenerate A state
(see also UV-VIS results), whereas triclinic distortions would cause a
further splitting into three non-degenerate A states. Within the frame-
work of the T-P isomorphism, the crystal field parameter (CFP) BZ is
capable to reduce the point symmetry from tetrahedral to trigonal and
the CFP B2 further reduces the point symmetry to monoclinic/triclinic.
The CFPs B2 and B3 are quantum formal analogues to the phenomeno-
logical axial and transverse zero field splitting (ZFS) parameters D and E,
respectively. Since very good fits could be obtained for C12A7:Ni by
including only B2 in the model, B3 was set to zero to avoid over
parametrization. Note that the SOC constant Agoc is negative and the
orbital reduction parameter oog as applied for the T-P isomorphism is
also negative what finally results in an effective J = 0 ground state with
the higher J-multiplets representing excited states. In contrast, an [Ar] dé
configuration of a free Ni2* ion would exhibit a total orbital momentum
of L = 3 that couples with the total spin S = 1 to form a J = 4 ground
state.

The fits of the applied model to the experimental data are shown in
Fig. 4 and the obtained refined parameters are listed in Table 4. For
illustrative reasons the simulations are plotted up to 15 T for the field
scans and up to 500 K for the temperature scans. At 9 T and 1.8 K a free
spin S = 1 would saturate at 2 yp and with an additional non-coupled L
= 1 even at 3 up. In contrast the experimentally observed value is
strongly reduced to about 0.7 up (Fig. 4a). As shown by the plot of the
magnetic moment vs. reduced field yoH-T in Fig. 4b strong deviations
from a pure Brillouin-type saturation behaviour of a free-ion are present
visible by the not superimposing experimental curves. The progression
of yT vs. temperature (Fig. 4c) is characteristic for a spin-orbit coupled
system with effective positive spin-orbit coupling that has a quasi non-
magnetic ground state (J = 0) with a local maximum at intermediate
temperatures and slightly decreasing values for higher temperatures.
The effective paramagnetic moment as extracted from an effective Curie
constant Cf = (yT) " is shown in the inset as a function of temperature
(red line) with a maximum of about 3.61(1) up at about 191 K. That is
considerably higher than the spin only value of 2.83 yp for a spin $ = 1
due to the orbital contributions stemming from excited high J-multiplets
and still consistent with the range 2.8-3.5 yup as reported for typical
experimental values for Ni2™ [36]. As shown in Fig. 4d, ! exhibits a
slightly bent progression over the whole temperature region due to the
SOC interactions. This is an important feature that might lead to falsely
extracted effective paramagnetic moments according to the Curie-Weiss
law C;f} =dy1/dT that is only valid for paramagnetic systems with
purely linear progression of ;(_1 vs. temperature. The so determined

effective paramagnetic moments (blue dashed line in inset of Fig. 4c)
would further strongly depend on the specific temperature region
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Fig. 4. Experimental DC magnetometry data measured for C12A7:Ni (circles) and fit curves according to the model described in the text (lines). a) Magnetic moment
vs. field and b) magnetic moment vs. reduced field (numbers give temperature in K), ¢) T vs. temperature with effective paramagnetic moment y¢r determined via

two different methods, and d) y and ! vs. temperature.

Table 4
Refined parameters obtained from a fit of the applied magnetic model (see text
for details) to experimental DC magnetometry data measured for C12A7:Ni.

Parameter

quantum numbers (fixed) effective L=1and S =1

CFP BY (em™) 69.5(2)
orbital reduction parameter 6or —1.1253(6)
spin-orbit coupling Asoc (cm B —98.11(8)

fit residual 0.11449(1)-10°3

chosen for an actually non-valid Curie-Weiss fit. The magnetic proper-
ties of the Ni2* in C12A7:Ni are not only characterized by a strong
orbital contribution (|oog| slightly larger than one), but also by the
accompanying axial anisotropy as parametrized by B2 = 69.5(2) cm™!
that is identical to a zero-field level splitting of the effective my, states
within the T-P isomorphism. Therefore, a reduction from tetrahedral to
trigonal point group symmetry of the magnetic Ni center in C12A7:Ni is
clearly found. This indicates that Ni is preferably positioned on Al(1)
sites with trigonal oxygen coordination or on the even more distorted Al
(1B) sites with quasi-trigonal symmetry. Since B2 > 0 the non-magnetic
effective my, = O state is lower in energy compared to the effective m;, =

+1states, i.e. an easy-plane rather than an easy-axis anisotropy is real-

ized. The easy-plane anisotropy together with the tetrahedral crystal
field symmetry is most likely responsible for the observation that the
magnetization vs. field curves measured at 1.8 K (Fig. S5) do not
strongly depend on whether the crystal is measured in parallel orien-
tation or in a 45° rotated orientation (see Fig. S2b). The magnetic
properties found here are very different from those observed for a
Caj2Al; 4033 single crystal with 1 at.% Al substituted by Fe [11]. Therein
the authors find a linear progression of inverse susceptibility over the

whole temperature range (down to about 5 K) and a very low Weiss
constant Ty between —2 and —0.5 K, i.e. a quasi-free ion behaviour. The
iron is reported to be present as Fe>* in high spin configuration with S =
5/,. Fe3* has a S ground state without any first order orbital contri-
bution both as a free ion as well as within a crystal field.

3.6. Heat capacity

Fig. 5 shows the experimental isobaric molar heat capacity c, vs.
temperature plot that is fitted with a Debye-Einstein function

20+
o experimentO T *
a  experiment7 T s
— —— Debye-Einstein fit 7
154 .
I ¢ Waetzig et al. =
o ~
€ 4x10* °
T 10_ :—;3 10 o,
X g 3x o
2 X 2¢10% ’
< 54 %
0
0 10 20 30 40 50
T2 (K3

0 T T T T T 1
0 50 100 150 200 250 300 350
Temperature (K)

Fig. 5. Isobaric molar heat capacity c,, vs. temperature for the C12A7:Ni crystal
at 0 and 7 T together with a Debye-Einstein fit. Inset: c,/T vs T2 plot together
with linear fit (solid line) in the range between arrowsthe according to ¢,/T =y
+p -T2
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with isovolumetric molar heat capacity cy, Debye temperature Tp, Ein-
stein temperature Tg, Debye-Einstein ratio Sp and gas constant R. For the
specific molar heat capacity, the amount (given in units of mol) refers to
the number of individual atoms within the measured sample and not the
number of formula units (as used so far). There are 59 atoms (26 metal
ions plus 33 oxygen ions) contained per formula unit. As molar mass for
one formula unit the results for average composition from ICP-OES were
used (Table S2). At 301(1) K a molar heat capacity of ¢, = 17.9(4) J K!
mol ! is measured that is still significantly below the Dulong-Petit value
of 3R =24.9J K ! mol! that is supposed to be reached universally
once all lattice vibration modes are excited. The best fit to the experi-
mental data led to a Debye temperature of T, = 406(4) K, an Einstein
temperature Tg = 903(9) K and a Debye-Einstein ratio Sp = 0.45(8). The
Einstein part of the heat capacity is ascribed to the optic phonon branch
without a strong dispersion (constant energy) as compared with the
acoustic phonons. Waetzig and Schilm [37] reported heat capacity
values for a [C312A114032]2+(2e’) electride ceramic of 18.8 JK ! mol !
at 298 K (Fig. 5) and 25.9 J K~ mol ™" at 1273 K. The value at 298 K is in
good agreement with that obtained in this work and the reported evo-
lution of the heat capacity from 298 to 1273 K confirms that the
Dulong-Petit limit is reached at temperatures only far above room
temperature. For temperatures well below the Debye temperature Tp
and the Fermi temperature Ty the heat capacity of metals can be written
as a sum of electron and phonon contributions that are linear and cubic
in temperature, respectively: ¢, =y -T + -T%. Only in the very low
temperature region the electronic contribution to heat capacity with a
linear dependence on temperature is dominating over the phonon
contribution with a cubic dependence on temperature. In the given case,
a linear dependence of the cp/T vs. T2 plot was realized approximately
from 1.8 to 3.7 K to (marked by arrows in the inset of Fig. 5) and a linear
fit returned y = 0.0218(8) mJ K2 mol~! and f=6.901)pn K ! molL.
The y parameter is two orders of magnitude lower than those for most
metals with free electrons [38] indicating that there is negligible
contribution from free electrons for C12A7:Ni, i.e. there are no in-
dications for ‘electride’ properties.

3.7. Electric conductivity

The total resistivity of the C12A7:Ni sample (cross section A = 0.513-
0.334 cm? and thickness I = 0.072 cm) was above the device’s limit of
Rmax > 5 GQ at 300 K, i.e. the specific conductivity is lower than 6, <
8.40-10°1'Q cm~1. In Ref. [11] total electrical conductivity o vs.
temperature for single crystalline Ca;2Al;4033 with 1 at.% Al substituted
by Fe and single crystalline [39] and polycrystalline [40] pure material
are presented. They show approximately the same behaviour with the
conductivity decreasing linearly from ~1072 Q! em™! at ~1000 °C to
~107* @' em™! at ~500 °C in a logarithmic plot of conductivity vs.
inverse absolute temperature. A graphical extrapolation returns a hy-
pothetical conductivity of ~107® Q7! em™! at 300 K. This is several
orders of magnitude above the measured value for C12A7:Ni at 300 K, i.
e. the oxygen anion mobility only contributes significantly to the total
electrical conductivity at elevated temperatures above ~500 °C.

4. Conclusions

A mayenite single crystal containing a small amount of Ni was grown
by the floating zone technique. The nickel content was determined by
ICP-OES to be 0.068(2) per formular unit. The crystal structure was

(exp (%) —
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determined with SCXRD, and it could be confirmed that about 10 % of
the Ca as well as the Al occupy additional distorted crystallographic
sites. The presence of the 33" cage oxygen anion connected to the
disordered Al and Ca was also verified with some ambiguities due its
very small general site occupancy. Despite the small Ni concentration,
high quality X-ray absorption spectra were obtained at the Ni-K edge. It
is indicated by XANES that Ni is present as Ni%* in C12A7:Ni and the
radial distribution function derived from EXAFS indicates that it oc-
cupies Al sites with basically tetrahedral oxygen coordination.

UV-VIS spectroscopy reveals that the excited 311 Cp) state is split
into a 3A2 ®P) and a 3E (°P) state due to the (quasi) trigonal point
symmetry reduction from T4 to Csy, that is most prominently realized for
the Al(1B) position and to a smaller extend also for the Al(1) site. These
findings are in agreement with the results from DC magnetometry. A
magnetic model (phenomenological Hamiltonian) making use of the T-P
isomorphism was found to explain the field scans at 13 temperatures
from 1.8 to 300 K at fields up to 9 T as well as the temperature scan from
1.8 to 300 K very well. Accordingly, Ni is present as Ni2™ with spin
quantum number S = 1 that is coupled to an effective orbital momentum
L =1 with |oor| = 1.1253(6) via spin-orbit coupling Asoc = —98.11(8)
ecm™!. The strong spin-orbit coupling easily explains the typical yT vs.
temperature progression with a local maximum at about 191 K (with
effective paramagnetic moment of 3.61(1) up compared to 2.83 for a
pure spin S = 1 system) and a very strong reduction at low temperatures.
According to the refined axial crystal field parameter the tetrahedral
oxygen coordination is trigonally distorted causing the T term (ideal
tetrahedron) to be split into a double-degenerate E and a non-degenerate
A state. As a consequence, Ni%" is found to substitute Al on the Al(1)
and/or Al(1B) site. Whereas the Al(1) site is characterized by a trigo-
nally distorted tetrahedral oxygen coordination, the AI(1B) site has a
pseudo-trigonally distored tetrahedral oxygen coordination where one
center metal to oxygen distance is significantly larger compared to the
three other non-equal metal to oxygen distances (see also Table 3).

The observed strong effects due to spin-orbit coupling and anisotropy
on the magnetic properties are in strong contrast to what is reported for
Caj2Al14033 with 1 at.% Al substituted by Fe3* that behaves free-ion like
without any significant orbital contribution and anisotropies due to the
missing first order orbital momentum. The heat capacity and electric
conductivity measurements reproduce well the results obtained for
other pure/unsubstituted and non-electride mayenites.
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Appendix A

ﬁ:ﬁso+ﬁcp+ﬁzx~:ﬁ A1

Hamilton operator for spin-orbit coupling (SO), crystal-field interaction (CF) and Zeeman effect (ZEE).

N N
ﬁso = Z'li (Uso,izi L4 §,) (A2)

Spin-orbit coupling constants 4;, orbital-reduction parameters oso;, vector operator total orbital momentum fi, vector operator total spin orbital

momentum S;.

N

k
Ho=Y" Y Y o'Bl6.0; (A3)

i=1 k=246 g=—k

Crystal-field parameters Bf; (A%,(r*); in Steven’s notation), operator equivalent factors 6, and operator equivalents 62.

N =~ - = N
HZEE:”BZ(U,-Z,- 01+S,»0g,») *B Ad

i=1

with Bohr magneton yuy, identity matrix I, g-tensor g; and magnetic induction B.
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