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Supplementary information

Experimental details

Samples with nominal composition Ba;o(PO4)s(Co,OH;.,,),, x = 0.05 (1), 0.3 (2, 2a), and 0.5 (3) were prepared as
follows. Stoichiometric quantities of BaCOs, (NH,),HPO,, and Co30, with 2% excess of BaCO; were grinded and mixed in
an agate mortar (of a total mass of 5 g approx.). The powder was heated to 400 °C for 0.5 h, annealed at this temperature
for 0.5 h, heated to 600°C for 0.5 h, annealed at this temperature for 0.5 h, heated to 800°C for 0.5 h, annealed at this
temperature for 2.5 h. The furnace cooled powder was grinded and annealed at 1150°C for 4 h. The precursor was grinded,
pressed in pellets, annealed at 1300°C for 4 h, and air quenched. The last procedure was repeated once more. The resulting
pellets were annealed at 1400°C or 1450°C for 1 — 2 hours and air quenched. All procedures were performed in air
atmosphere.

Synchrotron powder X-ray diffraction was carried out at the Diamond Light Source, [12-JEEP beamline' (2 =
0.23369 A) using 2D area flat panel detector Pixium RF4343. Wavelength calibration and data reduction was performed
using the software DAWN.2? High-precision powder X-ray diffraction was conducted using a D8 Bruker-AXS powder
diffractometer (Cu-Kal radiation from a primary Ge(111) Johansson-type monochromator; Lynx-Eye position-sensitive
detector with an opening angle of 3.5°) in Bragg-Brentano geometry in the 26 range 10 — 120°, step 0.009°. The crystal
structures were refined with the JANA 2006 computer program.*

Scanning electron microscopy with energy-dispersive X-ray (EDX) analysis was performed on a Supra 50 VP
LEO electron microscope.

Magnetic properties were measured on a Quantum Design SQUID VSM (I) and on a Quantum Design SQUID
MPMS (II) in the temperature range 1.8 — 300 K and magnetic field range -70 — +70 kOe. A piece of a ceramic sample (50
- 200 mg) was fixed with GE-varnish (< 0.3 mg) on a quartz rod (I) or deposited into a gelatin capsule in a plastic straw
(II). dc-magnetization was measured in a dc-SQUID mode. Magnetization decay was registered for 2 hour. ac
susceptibility (y..) was measured under an ac field of 2.5 — 3 Oe in the frequency range 0.1 — 945 Hz (I) or 0.1 — 1420 Hz
(IT) and in the temperature range 1.8 — 50 K. The data were corrected for the diamagnetism of a gelatin capsule if
necessary. The core diamagnetism was subtracted from the magnetization using Pascal’s constants. The generalized Debye
model was applied to fit simultaneously the y’and " components of y..(®) (v = 27f) using the following equations?
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Relaxation time 7, low- and high-frequency susceptibilities y, and y;, their difference Ay = F (as a contribution of slow-
relaxing magnetization), and a relaxation time distribution parameter « were estimated. All the parameters were refined
simultaneously for the temperature interval 15 — 35 K, for which a »’'(®w) local maximum is observed. Then Ay(7T) was
fitted by Curie-Weiss equation. In order to escape correlations, for higher temperatures, Ay was fixed to the value

calculated using the Curie-Weiss parameters, while all other parameters were refined.
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Figure S1. Synchrotron powder X-ray diffraction pattern of 3. Observed (crosses), calculated (solid line) and difference

(solid line below) plots. Positions of Bragg reflections are shown as strokes underneath: (a) the main apatite-type phase

Ba9(PO4)s(C00.3300.72H,),, (b) Bas(PO,), (12.8%), and (c) CoO (1.4%).

Table S1. Crystal structure refinement data for Ba;o(PO4)s(C0¢.3300.72H,), (sample 3).

Temperature (K)
Wavelength (A)
Space group
a(A)

c(A)

Vv (A3)

Z

26range (deg.)
Ry

Ray

AF ey, AFin (€ A7)

293K
0.23369
P6;/m
10.1926(1)
7.7532(1)
697.56(2)
1

1.47-15
0.014
0.023
0.66, -0.63




Table S2. Atomic parameters and thermal displacement parameters (A?) for Ba;o(PO4)s(C00 3300 72H,) (sample 3).

Atom  Ba(l) Ba(2) p o1y 0Q) 0Q3) 0(4) Co®
Site 4f 6h 6h 6h 6h 12i 4e 12i
SOF 1 1 1 1 1 1 036(2)  0.055(2)
x 13 0.24375(17)  0.3996(6)  0.3440(14) 0.5560(14) 03537(7) 0 0.033(6)
v 23 0.98102(18) 0.3626(7)  0.4748(13) 0.4441(13) 02732(8) 0 0

: -0.0006(4) /4 1/4 1/4 1/4 0.0894(8)  0.204(5 0

Ue U 002615  0.020810)  0.0162)  00282)  0.0282)  0.0282)  0.0282) 0.07(2)
Ui, 0.0266(7)  0.0330(14)

U, 0.0266(7)  0.0222(12)

Us; 0.0250(10) 0.0321(9)

Ui, 0.01333)  0.0101(13)

Ui 0 0

U 0 0

3An overal Uy, value for all oxygen atoms was refined.

Ynitially obtained large U;; and U, of 0.15 for Co atom in comparison with Us; = 0.03 suggested the Co atom to disorder

mostly in ab-plain. As it was not possible to get a proper displacement direction due to strong correlations, y and z of the

Co atom were fixed to zero values.

Table S3. Selected interatomic distances (A) and angles (degrees) in the crystal structure of Ba;o(PO4)s(Cog3300.72H,)>

(sample 3).

Ba(1)-O(1) 2.797(11) 3x Co-0O(4) 1.62(5)

Ba(1)-0(2) 2.759(12) 3x Co-0(3) 3.03(6)

Ba(1)-0(3) 3.011(8) 3x O(1)-P-0O(2) 107.6(9)
Ba(2)-0(1) 2.913(4) O(1)-P-0(3) 110.2(5) 2x
Ba(2)-0(2) 2.768(9) 0O(2)-P-0(3) 106.6(5) 2x
Ba(2)-0(3) 2.756(4) 2x 0(3)-P-0(3) 115.3(6)
Ba(2)-0(3) 2.888(4) 2x 0(4)-Co-0O(4) 156(4)

Ba(2)-0(4) 2.611(4)

P-O(1) 1.509(18)

P-O(2) 1.380(14)

P-O(3) 1.474(7) 2x
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Figure S2. Powder X-ray diffraction pattern of 2. Observed (crosses), calculated (solid line) and difference (solid line
below) plots. Positions of Bragg reflections are shown as strokes underneath: (a) the main apatite-type phase
Bao(PO4)6(C002300.8sH,),, (b) Baz(PO4), (2.18%), and (c) CoO (0.33%). Apatite-type phase lattice: Space group P63/m, a
= 10.1962(2) A, c = 7.7486(2) A.

Table S4. Atomic parameters and thermal displacement parameters (A2) for Ba(PO4)6(C002300.33H,), (sample 2). Ry, =

0.019, Ry = 0.021.

Atom  Ba(l) Ba(2) p o(1) 0Q) 0Q3) o) Co
Site 4f 6h 6h 6h 6h 12i 4e 2b
SOF 1 1 1 1 1 1 0.443)  0.228(11)
x 13 0.24379(15)  0.4028(6)  0.3398(13) 0.5787(13) 0.3443(8) 0 0
v 23 0.98083(15) 0.3702(6)  0.4840(12) 0.4538(12) 0.2627(10) 0 0
: -0.00053) /4 1/4 1/4 1/4 0.0894(7)  0.199(6) 0
U U 001658)  00182(10)  0.0152)  0018(4)  0.0083)  0.0253)  0.112)  0.023(9)
Ui 0.0178(10)  0.0225(14) 0.035(12)
Un 0.0178(10) 0.0089(12) 0.035(12)
Uss 0.0139(11) 0.0201(11) 0.001(13)
Ui 0.0089(5)  0.0056(11) 0.017(6)
U 0 0 0
Uns 0 0 0
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Figure S3. Powder X-ray diffraction pattern of 2a. Observed (crosses), calculated (solid line) and difference (solid line

below) plots. Positions of Bragg reflections are shown as strokes underneath: (a) the main apatite-type phase
Bao(PO4)s(C002300.08H,),, (b) Baz(POy), (14.4%), and (c) CoO (0.37%). Apatite-type phase lattice: Space group P63/m, a
= 10.1983(2) A, c = 7.7508(2) A.

Table S5. Atomic parameters and thermal displacement parameters (A2) for Ba,(PO4)6(C0023009sH,), (sample 2a). Ry, =
0.017, Ry =0.014

Atom  Ba(l) Ba(2) p o(1) 0Q) 0Q3) o) Co
Site 4f 6h 6h 6h 6h 12i 4e 2b
SOF 1 1 1 1 1 1 0.49(4)  0.235(17)
x 13 0.24442(18)  0.4024(7)  0.3391(15) 0.5748(15) 0.343409) 0 0
v 23 0.98104(19) 0.3699(8)  0.4829(15) 0.4553(15) 0.2646(11) 0 0
: -0.0006(4) /4 1/4 1/4 1/4 0.092009)  0.189(7) 0
Ue U 001227)  00151(11)  0.0112)  0013(4)  0.009¢4)  0.0203)  0.113)  0.060(16)
Ui 0.01409)  0.0182(14) 0.09(2)
Uy 0.01409)  0.0074(13) 0.09(2)
Uss 0.0086(10) 0.0156(11) 0.01(2)
Ui 0.0070(5)  0.0033(13) 0.044(11)
U 0 0 0
Uns 0 0 0
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Figure S4. Powder X-ray diffraction pattern of 1. Observed (crosses), calculated (solid line) and difference (solid line
below) plots. Positions of Bragg reflections are shown as strokes underneath: (a) the main apatite-type phase

Bao(PO4)s(Co00.0s00.74H,),. Apatite-type phase lattice: Space group P63/m, a = 10.1808(2) A, c=7.7106(2) A.

Table S6. Atomic parameters and thermal displacement parameters (A?) for Ba(PO4)6(C00.0500.74H,), (sample 1). R, =
0.020, R,;;=0.019.

Atom Ba(1) Ba(2) P o(1) 0() 0(3) 0(4) 0(5)/Co
Site 4f 6h 6h 6h 6h 12i 4e 2b
SOF 1 1 1 1 1 1 0.236(16)  0.27(2)/0.05
x 173 0.24032(16)  0.4007(6)  0.3401(15) 0.5802(15) 0.3453(8) 0 0

y 2/3 0.98101(17)  0.3690(7)  0.4864(15) 0.4627(15) 0.2658(9) 0 0

z -0.00093)  1/4 1/4 1/4 1/4 0.0907(8)  0.179(5) 0
U Uso  0.0141(6)  0.0160(10)  0.012(2) 0.027(5)  0.016(4)  0.022(3) 0.02 0.02
Uy 0.0141(8)  0.0198(13)

Un 0.0141(8)  0.0096(12)

Us; 0.0142(9)  0.0154(9)

Uss 0.0071(4)  0.0049(11)

U 0 0

Uss 0 0
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Figure S5. Frequency (f) dependence of ac susceptibility per mol of Co under zero magnetic field for 3. (a) and (c) — in-
phase susceptibility y’ (b) and (d) — out-of-phase susceptibility 3. Symbols — experimental points, lines — fitting. The
measurement temperature designation: (a) and (b) — blue, cyan, green, orange, red, magenta, purple, violet, navy — 10, 15,
20, 24, 26, 28, 30, 31, 32 K; (c¢) and (d) - blue, cyan, green, orange, red, magenta, purple, violet, navy, dark cyan, olive —
from 33 to 43 K with a step of 1 K.
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Figure S6. Frequency (f) dependence of ac susceptibility per mol of Co under zero magnetic field for 2. (a) and (c) — in-
phase susceptibility y’ (b) and (d) — out-of-phase susceptibility 3. Symbols — experimental points, lines — fitting. The
measurement temperature designation: (a) and (b) — blue, cyan, green, orange, red, magenta, purple, violet, — 10, 15, 20, 25,
30, 32, 34, 36; (c) and (d) - blue, cyan, green, orange, red, magenta, purple, violet, navy, olive — from 37 to 46 K with a step
of 1 K.
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Figure S7. Frequency (f) dependence of ac susceptibility per mol of Co under zero magnetic field for 2a. (a) and (c) — in-
phase susceptibility y’ (b) and (d) — out-of-phase susceptibility 3. Symbols — experimental points, lines — fitting. The
measurement temperature designation: (a) and (b) — blue, cyan, green, orange, red, magenta, purple, — 10, 15, 25, 30, 32,
34, 36; (c) and (d) - blue, cyan, green, orange, red, magenta, purple, violet, navy, olive — from 37 to 46 K with a step of 1

K. The fitting included a small contribution (a few per cent) of a second relaxation process at a lower frequency.
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Figure S8. Frequency (f) dependence of ac susceptibility per mol of Co under zero magnetic field for 1. (a) and (¢) — in-
phase susceptibility y (b) and (d) — out-of-phase susceptibility 3. Symbols — experimental points, lines — fitting. The
measurement temperature designation: (a) and (b) — blue, cyan, green, orange, red, magenta, purple, violet, — 10, 15, 20, 25,
30, 32, 34, 36; (c) and (d) - blue, cyan, green, orange, red, magenta, purple, violet, navy, olive — from 37 to 46 K with a step
of 1 K.
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Figure S9. Magnetization M per 1 Co atom vs. magnetic field A at 7= 1.8 K measured with a field sweeping rate of ca. 15
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Figure S11. Powder X-ray diffraction pattern of 4. Observed (crosses), calculated (solid line) and difference (solid line
below) plots. Positions of Bragg reflections are shown as strokes underneath. The main apatite-type phase
Ba,o(PO4)s(OH,),*0.05C0,0;, space group P6s/m, a = 10.1772(2) A, ¢ =7.6869(2) A. Two extra peaks with intensity

below 1.5% belong to an admixture of BaCOs. The corresponding 2 @ intervals have been excluded (shaded areases).

Table S7. Atomic parameters and thermal displacement parameters (Az) for Ba;o(PO4)s(OH,),*0.05C0,0; (sample 4). Ry, =
0.020, R,;;=0.019.

Atom Ba(1) Ba(2) P o(1) 0(2) 0(3) 0(4)
Site 4f 6h 6h 6h 6h 12i 4e
SOF 1 1 1 1 1 1 0.5

x 173 0.2400(2)  0.4014(8)  0.3330(18) 0.5752(18) 0.3472(11) 0

y 213 0.9820(3)  0.3681(9)  0.4807(19) 0.460(2)  0.2684(11) 0

z 0.0011(5) 1/4 1/4 1/4 1/4 0.0881(12)  0.111(3)

U Uso  0.0135(8)  0.0150(14)  0.005(2) 0.012(6)  0.010(5)  0.017(4) 0.043(13)
Un 0.0140(11)  0.0132(18)

Uy 0.0140(11)  0.0124(17)
Uss 0.0127(13)  0.0155(12)
Un 0.0070(5)  0.0035(17)
Ui 0 0

Uas 0 0
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Figure S13. Magnetization (M) per 1 atom of Co vs. magnetic field (H) at 1.8 K. Circles — 2, Squares — 4. Measured points
are for field up from 0 to 70 kOe and down to 0 kOe. Two points were measured at each field with time interval of 50 s. 4
shows no hysteresis and relaxation. 2 shows hysteresis only at H# = 0.5 kOe, the second point for fields both up and down is

shifted due to the magnetization relaxation.
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Modeling electronic structure and magnetic susceptibility using program CONDON.
Imput parameters.

7 d-electrons, 120 basis electron states. Racah parameters (Co?*), B = 1115 cm™!, C = 4366 cm™'. Spin-orbital coupling
constant £= 533 cm!, orbital reduction factor 0.84 (isotropic). Crystal field parameters (Wybourne notation), B,y = 24000
cm'l, B4() =12000 cm‘l, B22 =3600 cm'l, B42 = 1800 cm'l, B44 =1700 cm™.

Output parameters.

Table S8. Energies of first 10 energy doublets and their (negative) magnetic moments under a field of 10 kOe for spins

antiparallel (upper row) and parallel (lower row) to the magnetic field.

Energy in zero field (cm™') 1 (L) 1 (1) M, (1B)
0.0000E+00 -0.4994E+01 -0.1606E+00 -0.1375E+00
0.4992E+01 0.1392E+00 0.1231E+00
0.3351E+03 -0.2089E+01 -0.1804E+01 -0.1891E+01
0.2082E+01 0.1820E+01 0.1903E+01
0.1305E+04 -0.5239E-01 -0.1480E+01 -0.2138E+01
0.5998E-01 0.1463E+01 0.2124E+01
0.1628E+04 -0.1115E+01 -0.2453E+00 -0.2453E+00
0.1117E+01 0.2635E+00 0.2602E+00
0.2560E+04 -0.2427E+00 -0.3589E+00 -0.3360E+01
0.2877E-01 0.5953E-01 0.3356E+01
0.2583E+04 -0.2029E+01 -0.1756E+01 -0.1099E+01
0.2243E+01 0.2054E+01 0.1101E+01
0.5398E+04 -0.3797E+01 -0.3705E-01 -0.3886E-01
0.3796E+01 0.1297E-01 0.1085E-01
0.5588E+04 -0.1519E+01 -0.1703E+01 -0.1587E+01
0.1516E+01 0.1719E+01 0.1611E+01
0.5993E+04 -0.2433E+00 -0.4388E+00 -0.2744E+01
0.2423E+00 0.4269E+00 0.2738E+01
0.6201E+04 -0.1865E+01 -0.8761E+00 -0.8399E+00
0.1869E+01 0.8986E+00 0.8494E+00

Fitting of Ay (see Fig. 4 insert and the main text).

FNg?u2 6exp(2J/k,T)+30exp(6J /k,T)+84exp(12J /k,T)
6k, T 1+3exp(2J/k;T)+5exp(6J /k,T)+7exp(12J / k,T)

Model of a Heisenberg dimer. Ay =

Xrip -

F=0.140(3), g = 2 (fixed), J = -25.1(3) cm™!, yzp = 0.00021(2) emu mol"!, R? = 0.982. F'is a fraction of Co ions left after
the exclusion of the FR fraction (90%). Then a fraction of all Co ions present in the sample, which is found in the proposed

dimer, is F*¥90% = 13%.
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