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Formation of a single-ion magnet in the lanthanum calcium silicate  
apatite structure by the cobalt oxide doping
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ngle-molecule magnets (SMMs) are atomic scale permanent 
agnets comprising an exchange-coupled group of open-shell 
nsition metal ions in a polynuclear complex or a single transition 
etal ion in a mononuclear complex. The latter is also called a 
gle-ion magnet (SIM). In order to invert the SMM magnetization, 

is required to overcome the energy barrier (Ueff), which arises 
e to the high magnetic anisotropy of the molecule. The field of 
M research, which began with the discovery of the manganese 

mplex in 1993,1 has grown rapidly as such materials have proven 
 be promising candidates for ultra-high-density memory devices, 
olecular electronics, spintronics and quantum computing.2–9 Most 
own SMMs are metal complexes with organic ligands. Along 

ith this, SIMs can be created by incorporating transition metal 
tions into extended inorganic solids, but the number of such 
stems is much smaller.10 Among the d-element cations, Co2+ 

rned out to be the most promising for SIM centers due to its 
onounced magnetic anisotropy.11,12 With respect to inorganic 
lids, Co2+ has been shown to enter the crystal structure of alkaline-
rth-metal phosphate apatites, forming bent [O–Co–O]2− units in 
gonal channels.13–19 Such compounds exhibit the slow relaxation 
 magnetization inherent in SIMs. The Ueff value is 59 and 65 cm−1 
 Sr and Ca apatites, respectively,14–17 and abruptly reaches 
7 cm−1 in Ba apatite.18,19 Considering that the record value for 
balt-based SMMs is only 450 cm−1,20 the apatite matrix seems 
 be very promising for hosting SIM centers with high Ueff. In this 
rk, we have investigated for the first time the possibility of 

rming Co-based SIM centers in the structure of a silicate apatite.
Samples of the nominal composition La7Ca3(SiO4)6Cox(OH1−y)2, 

here x = 0.07 (1) or 0.4 (2) and y < 1, were prepared by a solid-
te reaction with final treatment at a temperature of 1500 °C in 
 argon flow. The samples were studied by high-precision powder 
-ray diffraction (XRD), scanning electron microscopy with 
emental (EDX) analysis, Raman spectroscopy, and ac and dc 
agnetometry (for more experimental details, see Online  
pplementary Materials).

According to XRD data (Figures  S1 and S2, see Online 
Supplementary Materials), the samples are dominated by the apatite 
phase with small impurities of Ca3SiO5 in sample 1 and Ca2SiO4 
and La2CoO4 in sample 2. The polycrystalline samples consist of 
elongated grains with a typical size of 5–20 mm. EDX analysis 
of the areas within the grains shows an enrichment in La at the 
expense of Ca, so that the ratio of the elements La/Ca/Si shifts 
from the nominal 7 : 3 : 6 to 7.9 : 2.1 : 6, which is the same in both 
samples (with a standard deviation of 0.2). This is consistent with 
the presence of calcium silicate impurities and indicates the 
instability of OH− in the silicate apatite under the conditions of 
preparation, which leads to the simultaneous replacement of 
OH− by O2− and Ca2+ by La3+. Co is found in grains in a small 
amount, corresponding to x of 0.02(1) and 0.06(1) for samples 1 
and 2, respectively. This finding implies a very limited solubility 
of Co in the silicate apatite. The remainder of Co appears to be 
contained in the impurity phases.

The crystal structures were refined by the Rietveld method in 
the space group P63/m using the Jana2006 program.21 A fragment 
of the apatite crystal structure is depicted in Figure 1. Structural 
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small amount of cobalt was incorporated into the lanthanum 
lcium silicate apatite structure by annealing at 1500 °C in 
gon. The compound exhibits easy-axis magnetic anisotropy 
th a zero-field splitting parameter 2D of −60 cm−1 and field-
duced slow relaxation of magnetization with a remagnetization 
ergy barrier of 58–63 cm−1. Thereby, for the first time, a 
balt-based single-ion magnet was created in silicate.
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Figure  1  Projection of a fragment of the crystal structure of silicate apatite 1 
under normal conditions, showing the unit cell and part of the trigonal channel 
on the left front edge. Large gray balls are M1 (La0.51Ca0.49), large dark gray 
balls are M2 (La0.93Ca0.07), green tetrahedra are SiO4 groups, small red balls 
are oxygen atoms in the trigonal channels, and a medium-sized blue ball is 
a Co atom (proposed location according to ref. 16).
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parameters are listed in Tables  S1–S4. Structural features are 
close to those published for La8Ca2(SiO4)6O2.22 The La and Ca 
cations occupying Wyckoff position 6h (M2, c. n. 7) form the ‘walls’ 
of trigonal channels filled with small anions, O2− and OH−. The La 
and Ca cations at the Wyckoff position 4 f (M1, c. n. 6 + 3) form 
linear columns along the c-axis. M2 is almost completely occupied 
by La, while M1 is equally occupied by La and Ca. The refined 
quantity of La and Ca corresponds to the La/Ca ratio of 7.7 : 2.3 for 
sample 1 and 7.8 : 2.2 for sample 2, which is in accord with the data 
obtained by the EDX analysis. In Co-doped phosphate apatites, Co 
is located in the trigonal channel near the position (0, 0, 0).13,14,16,18 
However, in the structure of silicate apatites  1 and 2, we cannot 
localize Co atoms from the Rietveld refinements, apparently 
because of the low content. Nevertheless, the difference Fourier 
mapping reveals a weak maximum (+0.2e) of the electron density 
near the position (0.05, 0.05, 0.01), where Co atoms were also 
located in the phosphate apatite Ca10(PO4)6[(CoO2)0.4(OH)1.2].16 
This observation suggests that the Co2+ cations in silicate apatites 1 
and 2 are located in the trigonal channels.

The Raman spectra of silicate apatite 1 (Figure 2), along with 
strong SiO4

4– vibration bands characteristic of silicate apatite,23 
show a weak band at 700 cm−1. It has been reported that the 
[O–Co–O]2− group of atoms in the calcium phosphate apatite 
exhibits a characteristic band of symmetric stretching vibration 
at 713 cm−1.16 Accordingly, we also attribute the weak band in 
the spectrum of silicate apatite 1 to this group of atoms.

For silicate apatites 1 and 2, the ac susceptibilities were measured 
down to T = 2 K. The samples show paramagnetic behavior of a 
Curie–Weiss type. Slow relaxation of the magnetization is observed 
below 10 K and only when a dc magnetic field is applied. The ac 
susceptibilities c' and c'' measured as a function of the ac field 
frequency ( f ) in a dc field of 4 kOe are shown in Figures S3 and S4. 
At temperatures from 2 to 8 K, a maximum of c''( f ) is observed 
for both samples, indicating the presence of a slow relaxation of 
magnetization characteristic of SIMs. c'( f ) and c''( f ) were fitted 
to the generalized Debye model24 [equations (S1) and (S2), see 
Online Supplementary Materials] to obtain the relaxation time 
(t), equilibrium ( c0) and adiabatic ( cs) susceptibilities, and the 
width of the relaxation time distribution (a).

At T = 2 K, the fitted values of c0 are 0.0204 and 0.0400 cm3 
per mole of apatite for samples 1 and 2, respectively. Physically, 
c0 is equal to the differential dc susceptibility at an applied dc field. 
It is expected that at T = 2 K c0 is mainly determined by the 
lowest energy doublet of Co2+ formed in the axial crystal field. 
Using the PHI software,25 for the ground doublet with MS = ±3/2 
(expected for Co2+ with easy-axis anisotropy) and the g-factors 
found for the Co-doped calcium phosphate apatite,14 we estimate 
the theoretical value for the differential susceptibility to be 0.709 cm3 
per mole of Co. Taking this into account, the experimental values of 
c0 correspond to the content of paramagnetic cobalt ions x = 0.029 

and 0.056 per formula unit for samples  1 and 2, respectively. 
These values agree well with the Co concentration found in the 
apatite phase by EDX analysis. Apparently, the rest of Co does 
not make a noticeable contribution to the magnetic susceptibility. 
It can be represented by antiferromagnetically coupled (e.g., Co2+ in 
the La2CoO4 impurity) or diamagnetic (e.g., low-spin Co3+) species.

Figure 3 displays the relaxation times in the form of Arrhenius 
plots of ln(t) vs. 1/T. The temperature dependence of t is usually 
analyzed using equation (1):

t–1 = t–1
QTM + BT + CT n + t0

–1 exp(–Ueff / kBT),	 (1)

which takes into account several relaxation mechanisms. The term 
t–1

QTM considers quantum tunneling of the magnetization (QTM), 
and the following terms describe direct relaxation, Raman relaxation 
and thermally activated Orbach relaxation processes, respectively.7 
The QTM contribution was set to zero because the dependence of 
ln(t) on 1/T does not show asymptotic saturation at low temperatures. 
The fitted parameters are as follows: B = 16.4(5) s−1 K−1, 
C = 0.02(2) s−1 K−n, n = 5.0(7), t0 = 1.3(5) × 10−9 s and 
Ueff = 63(2) cm−1 for sample 2 and B = 23.7(9) s−1 K−1, 
C = 0.011(4) s−1 K−n, n = 5.0, t0 = 4.0(2) × 10−9 s and Ueff = 
= 58(3) cm−1 for sample 1. The value of n for sample 1 was set to 
the value estimated for sample  2 to avoid overparametrization. 
The  determined values of Ueff coincide within one standard 
deviation, which indicates the absence of a noticeable effect of 
the Co concentration on the energy barrier. In addition, the value 
of Ueff is close to the values found for calcium and strontium 
phosphate apatites doped with Co.14–17 This suggests that the SIM 
unit in the silicate and phosphate apatites is the same, namely, the 
bent [O–Co–O]2− group located in the trigonal channel. Compared 
to the phosphate apatite, the parameter t0 takes values approximately 
an order of magnitude higher. The main difference is that [O–Co–O]2− 
is surrounded by triply charged La cations in the silicate and 
doubly charged cations in the phosphates. This changeover may 
induce a decrease in the partial charge on the oxygen atoms in 
the SIM unit of the first compound and thus reduce the crystal 
field strength, which allows an increase in the contribution of 
angular momentum to the electronic states of the SIM.

The low-temperature magnetization and the temperature 
dependence of the magnetic susceptibility–temperature product 
for sample 1 are shown in Figure 4. The first plot was modeled 
using the PHI software. Zero-field splitting in an axial crystal 
field was considered with the ground doublet MS = ±3/2. 
g-Factors were taken as they were determined for the Co-doped 
calcium phosphate apatite (gx = gy = 2.1, gz = 2.4).16 Very good 
agreement was achieved for 2D = −60 cm−1 and for the fraction 
of paramagnetic cobalt equal to 0.40. Taking into account the 
derived parameters, the dependence of cT on T was calculated. 
As can be seen from the inset to Figure  4, it reproduces the 
experimental data reasonably well. The absolute value of 2D 
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Figure  2  Raman spectrum of silicate apatite 1 measured at room temperature.
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Figure  3  Temperature (T ) dependence of the magnetization relaxation 
time t(s) in silicate apatites 1 (blue triangles) and 2 (red circles). The dashed and 
solid lines are fittings to equation (1) with the parameters specified in the text.
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denotes the difference between the ground, MS = ±3/2, and the first 
exited, MS = ±1/2, Kramers doublets. The derived value matches 
well with the experimental values of Ueff determined from the 
magnetization relaxation data. A similar agreement between 2D 
and Ueff has been previously demonstrated for Co-doped Ca-
phosphate hydroxyapatite.16 Our results imply that magnetization 
reversal occurs by the Orbach process via the first exited electronic 
doublet.

In summary, Co can be introduced into the structure of La–Ca 
silicate apatite in a small amount, not exceeding a few mole 
percent. The results of the crystal structure refinement in combination 
with Raman spectroscopy indicate that Co2+ cations enter the 
trigonal channels of apatite, forming [O–Co–O]2− groups of atoms. 
Magnetic measurements confirm the slow relaxation of magnetiza
tion with characteristic parameters close to those found earlier 
for [O–Co–O]2− embedded in Ca- and Sr-phosphate apatites. 
Thus, SIM based on [O–Co–O]2− was first created in a solid apatite-
type matrix, different from phosphate one, and demonstrated that 
the SIM parameters weakly depend on the nature of the matrix.

This work was supported by the Russian Science Foundation 
(grant no. 21-13-00238). The authors are grateful to E. Brücher 
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Figure  4  Field (H) dependence of the magnetization (M ) of sample 1 at 
T = 2 K per mole of Co. Inset: temperature (T ) dependence of the susceptibility–
temperature product (cT ) of sample 1 at H = 10 kOe per mole of Co. Circles 
represent experimental data, while lines are from modeling.




