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Materials and Methods.

Sample preparation.

A high-purity (99.99%) metal raw material with precisely calculated molar ratios was
prepared for all HooFe17Mns series samples (6 =0, 1, 3,4,4.5,4.75,5,5.5, 6, 7; denoted
as Mn0O, Mnl, Mn3, Mn4, Mn4.5, Mn4.75, Mn5, Mn5.5, Mn6 and Mn7,
respectively). The ingots were melted and turned over more than four times under a
high-purity argon atmosphere. To obtain the target sample, the samples are wrapped in
molybdenum foil and sealed in a quartz tube, followed by a heat treatment at 1473 K
for three days, and then quenched with ice water. The ingots were ground into fine
powder for synchrotron radiation X-ray diffraction (SXRD), neutron powder diffraction
(NPD), magnetization measurements, Maossbauer spectrum test, and ICP-OES

experiment samples.
Composition Characterization.

The real chemical composition of the target alloys was measured by Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, Agilent ICPOES730,
USA).

Structural Characterization.

Powder X-ray diffraction (XRD) was performed by the Lab. X-ray diffractometer
(SmartLab 9 kw, Rigaku Corporation) with Cu Ka radiation. Synchrotron X-ray
diffraction (SXRD) experiments were measured on the BL44B2 beamline (A =0.7 A) at
Spring 8. The Australian Nuclear Science and Technology Organization (ANSTO)
conducted temperature-dependent neutron powder diffraction (NPD) at a high-intensity
neutron diffractometer (WOMBAT) with a wavelength of 2.41 A. The software
FULLPROF was used to carry out the full-profile Rietveld refinements of the SXRD
and NPD patterns. The high-angle annular dark-field (HAADF), the annular bright field
(ABF) and the Electron Energy Loss Spectroscopy (EELS) patterns were measured on
an aberration-corrected TEI Tecnai ETEM, JEM-ARM 200F. All the images are



processed by Gatan Digital Micrograph software.
Magnetization measurements.

Physics property measuring system (PPMS, Quantum Design) was used to quantify
temperature-dependent magnetization and magnetic field-dependent magnetization
down to 1.9 K. The Superconducting Quantum Interference Device (SQUID) vibrating
sample magnetometer (VSM) with an amplitude of 5 Oe was used to conduct the
susceptibility experiment. Both oscillatory and high temperature (T > Tc)

demagnetization were applied to every curve.
Moéssbauer and Nuclear Magnetic Resonance spectrum measurements

The Mossbauer absorption spectra were obtained on a constant acceleration
spectrometer that utilized a rhodium matrix cobalt-57 source. It was calibrated using a-
Fe foil, and the isomer values were referred to a-Fe. The >>Mn Nuclear Magnetic
Resonance spectra at different temperature were obtained by the fast Fourier

transformation of the spin-echo at zero magnetic field.
Thermal expansion of the alloy.

The linear thermal expansion curves (AL/Lo) were measured on a thermal expansion
meter (NETZSCH DIL402) along the ¢ axis and lattice thermal expansion was

determined by NPD refinement results.
Theoretic calculations.

To explore the microscopic mechanism of this phenomena we calculate the energies of
different magnetic configurations in Mn5 and Mn7 2:17 alloys and inter-atomic
exchange interactions between Ho, Fe and Mn magnetic sites on the first-principle basis.
To this end we use Green Function Korringa-Kohn-Rostoker (KKR) band structure
formalism and Local Spin Density Approximation.* The atomic disorder of Fe and Mn

atoms on 12j and 4f sub-lattices was taken into account using the Coherent Potential



Approximation (CPA) technique.? The Ho 4f-states have been treated in the open-core
scheme, similarly to our previous investigation of the exchange interactions in the pure
Gd and RE-based intermetallics®* (for details and discussion of the validity of this
scheme see respective publications). We use Atomic Sphere Approximation (ASA) with
partial wave expansion in KKR-ASA calculations up to Imax = 2. The experimental

lattice constants and crystal geometry have been used.



Table S1. Composition of the Ho2Fei7Mn; alloy determined by inductively coupled

plasma-optical emission spectroscopy (ICP-OES). Because of the volatility of Mn, the

real component deviates from the nominal component.

ICP-OES Ho (wt%) Fe (wt%) Mn (wt%)
HozFe17Mn; 25.4655 70.9395 1.3823
HozFe1zMn3 24.1989 67.4896 6.7423
HozFe17Mns 22.2586 64.1668 11.6075
HozFe17Mny 21.5000 62.1006 15.6472
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Figure S1. (a) Synchrotron X-ray powder diffraction (SXRD) patterns at room

temperature for the four investigated samples: Mn1, Mn3, Mn5 and Mn7 (A= 0.7 A)

annealed at 1473 K for 3 days, all samples are hexagonal phase. (b) Lattice parameters

with the content of Mn. Lattice parameter a increases and ¢ decreases continuously,

evidencing Mn atoms doping into the hexagonal phase.
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Figure S3. Room-temperature X-ray diffraction patterns for Mn0 (a) and Mn7 (b)
under Cu Ka radiation with unannealed and various annealing temperature (denoted as
Ta) at 1273 K, 1373 K and 1473 K, respectively. The tetragonal phases are shown by
the brown-marked peaks in (b). The composition with high Mn doping maintains the

hexagonal phase as the annealing temperature increases.
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Figure S4. The ABF (a) and HAADF-STEM (b) image of Mn5 as viewed along the

[110] zone axis. (c) Enlarged random domain of the red dashed line area showing atomic
planes.
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Figure S5. Temperature dependence of magnetization (a) and the differential curves (b)
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Figure S7. Magnetic hysteresis loop of Mn5 under ZFC measured at 2 K with max
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Figure S8. Magnetic hysteresis loop of Mné under ZFC measured at 2 K with max
magnetic field [Hmax| (a) 10 kOe, 20 kOe and 30 kOe, (b) 40 kOe, 50 kOe and 60 kOe,
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Figure S9. Magnetic hysteresis loops of Mn5 under ZFC were measured at (a) 1.9 K,
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Table S2. The zero-field cooling exchange bias field (Hzeg) and coercive field (Hc) for

typical metal materials.

ZEB materials Hzes (kOe) Hc (kOe) Reference
Mn5 4.95 13.35 This work
Mn5.5 3.62 7.41 This work
Mn6 2.61 5.92 This work
PdANCr; 0.35 1.35 6
sMnsoNigoSn7Ti3 0.5 2.60 7
Gao.94NMns3.06 0.51 2.50 8
Ni2Mn1.4Gao.6 0.86 1.00 9
Mns3Bi37 1.20 6.00 10
NisoMn37Ini3 1.30 1.65 11
MnsoNisoSneSis 1.30 2.20 12
Mn2PtGa 1.70 1.85 13
NisoMnsslnisFes 1.70 0.88 14
NisoMn4oSnio 2.23 1.70 15
Mn3.5Co0.5sN 2.80 1.60 16
NisoMn33GaioSbz 2.93 2.10 17

NisoMn36Co4Snio 2.96 2.50 18
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Figure S18. The contour plot of NPD intensity of (101) and (110) peaks of Mn7 with

different temperature.
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Figure S20. Negative thermal expansion along ¢ axis of Mn5 (a) and Mn7 (b)

measured by both dilatometer and NPD.



Table S3. The cell parameters and magnetic moments at each site of Mn5 and Mn7

compounds at 3 K/4 K were obtained by refinement.

Sample composition Mn5 Mn7
Lattice a.b 8.41297(4) 8.42239(32)
Parameter at 3 C 8.33734(4) 8.34991(51)
K/4 K (A) \Y 511.042(7) 512.959(42)
Ho (2b/2c/2d) 10.15(14) 9.95(22)
Fe/Mn (4f/4e) -0.55(5) 0.54(26)
Magnetic Fe/ Mn (6q) -1.17(11) -1.17(24)
moment at 3K/4 Fe/ Mn (12j) -1.50(10) -1.73(20)
Fe/ Mn (12k) -1.37(8) -1.20(16)
K (uB)
XMee/mn 21.8(15) 20.0(21)
~MHo 20.3 (2) 19.9 (4)
2 MHo2(Fe.Mn)17 1.5(17) 0.1(25)

It can be found that the magnetic moments of the Fe/Mn-sublattice are almost equal to
that of the Ho-sublattice at low temperature, thus a near zero net magnetic moment of
Mn5 and Mn7. The conventional FiM state is observed in the intermediate temperature
because the moments of Ho decrease quickly and that of Fe/Mn-sublattice turn to
dominate. The refined magnetic moment at the 12j site is 1.73 ps/atom much smaller
than that of HooFei7 (~ 2.7 us/atom), so the Mn should be AFM coupled with Fe-
sublattice. By varying the content of Mn, the net-magnetic moment decreases and the
fully cFiM is obtained on Mn7 sample. We calculate the total moment between the
adjacent atomic layers, the kagome layer is ferromagnetic, and the moment of Ho-layer
is almost zero, indicating a compensated FiM. Such FM/FiM interface may provide

unusual pinning effects in HoxFe17Mns.



Figure S21. (a) Crystal structure of hexagonal phase along the [110] zone axis in
Ho2Fe17 compound, in which the Fesgand Feiok alternately stacked in the kagome layer
in this direction (b), combined with EELS patterns, the blank Mn region of the kagome

layer indicated that Mn occupies the Fess sites rather than the Fesg or Feiak Sites.



Table S4. Fitting results for °’Fe Mdssbauer spectrum of Mn5 compound at 25 K.

Isomer Quadrupole Magnetic
Shift (mm/s) Splitting(mm/s)  Hyperfine Field (T)
4f 0.37 (6) -0.30 (11) 29.0(3)
6g1 0.24(3) -0.24(7) 25.3(2)
62> -0.001(30) 0.21(6) 22.4((3)
25K 121 -0.024(28) 0.12(6) 19.1(3)
12> -0.13(4) 0.03(6) 15.0(4)
12k 0.15(6) -0.38(11) 16.7(6)
12k, 0.06(4) -0.04(7) 4.0(3)




Table S5. Fitting results for °’Fe Mdssbauer spectrum of Mn5 compound at 100 K.

Isomer Quadrupole Magnetic
Shift (mm/s) Splitting(mm/s)  Hyperfine Field (T)
4f 0.35(7) -0.32 (13) 26.0(4)
6g1 0.26(7) -0.25(13) 23.0(5)
62> -0.001(42) 0.17(7) 20.6((4)
100 K 1251 0.03(3) 0.09(7) 17.4(4)
122 -0.10(4) 0.09(6) 13.6(3)
12k 0.13(4) -0.39(7) 15.1(3)
12kz 0.04(3) 0.03(5) 3.9(2)




Table S6. Calculated atomic moments, and total magnetization per f.u. (in ps) for
ferrimagnetic states (Ferri) with all Mn moments oriented antiparallel to Fe moments,
and ferrimagnetic states where Mn moments form random antiferromagnetic structure
on 12j sub-lattice (RAFM). For RAFM structure the Mn moments are given for two
sub-lattices with parallel and antiparallel orientation to ferromagnetic Fe moment
matrix. The calculated total energies of Ferri and RAFM structures are degenerated
within computational accuracy (better than 0.1 meV/atom) for Mn5 alloy. For Mn7
alloy the Mn-RAFM structure has lower energy than purely ferromagnetic one by 0.2

mRy/atom. (Ho sites have additional localized 4f-moment = 10 mb, oriented in negative

direction).
Ho HozFe17 Mn5 Mn5 (Mn- Mn7 (Ferri) Mn7 (Mn-
(Ferri) RAFM) RAFM)
m(Fe), 12k 2.30 1.97 1.94 1,93 1.89
m(Fe), 12] 241 2.24 2.20 2.24 2.18
m(Mn), 12j - -1.96 1.38 (-2.27) -1.79 1.49(-2.16)
m(Fe), 6g 1.97 1.67 1.62 1.62 1.57
m(Fe), 4f 2.66 2.23 2.27 2.24 2.26
m(Mn), 4f - -1.89 -1.98 -1.94 -1.97
m(Ho), 2d -10.50 -10.38 -10.41 -10.35 -10.38
m(Ho), 2b -10.56 -10.39 -10.42 -10.35 -10.38

M(total) per fu.  18.47 2.41 1.88 -6.50 -1.68




Table S7. Calculated inter-atomic magnetic exchange interactions (Hamiltonian 1) in
MnS5 alloy between different atoms on different sub-lattices (in mRy) in MnS alloy.
Only interactions larger than 0.05 mRy are shown. Positive sign is FM_interactions,
negative is AFM. Due to very strong AFM interaction between Mn sites in 12j sublattice,
Mn forms random AFM structure on 12j sublattice (in both Mn5S and Mn7 alloys).
There is also extremely strong AFM interaction between Mn, 4f and Mn, 4f means that
Mn4f “gantel” (when two Mn meet on the edges of the gantel) form strong AFM dimer.
Despite that our 2:17 structure is more complicated than that simple Heusler alloy,
where there is only a single magnetic Fe/Mn sub-lattice of fcc type there is a strong
similarity. Our neutron diffraction analyses have suggested that Mn in 2:17 occupies
only 12j and 4f position. The Mn5 composition with large coercivity corresponds to the
case where 12j and 4f positions are almost equally occupied by Fe and Mn atoms,
whereas Mn7 alloy, with vanishing coercivity, is the composition where 12j and 4k
positions become reach in Mn. Thus, we observed essentially a similar phenomenon
like in corresponding Heusler compounds accompanied by the appearance of the large
exchange bias in the compositions with large coercivity.!»?° To further understand the
instability of pure ferromagnetic state with respect the RAFM state we calculate the

inter-atomic exchange interactions for the following Heisenberg Hamiltonian:

H=— Fe Fe—*Fe *]Fe ]Fe Mn—‘Fe e]Mn ]Fe Ho—‘Fe é*]Ho
i,j€12k,12j ie12k,12j,6g,4f i€12k,12j,6g,4f
6g4f je12j,4f j€2b,2d
_ ]Mn Mn—*Mngan ]Mn Ho—*Fe—e*]Ho ]Ho Ho—‘Ho e]Ho
i,je12j,4f i€12j,4f i,j€2b,2d

jezb,2d
Whereelare the unit vectors of the spin moment directions on the corresponding lattice
sites of A-atomic component. To this end we use the Green function based magnetic

21

force theorem?! implemented in the KKR method?? and applied it in combination with

CPA allowing for the effects of the atomic disorder on 4f and 12j sub-lattices.
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