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Text S1. Discussion on the stability of h-type Fe7(No.75Co.25)3

Combining the present results and the previous data, we plot the phase diagram of
Fe7(No75Co.25)3 to 120 GPa and 2100 K (Figure 1c). Compared with g-type and o-type phases
of Fe7(No75Co2s)3, the h-type phase is stable over a much wider pressure range from 40
GPa to at least 120 GPa. The different coordination environments in e-type and o-type
structures could cause iron carbonitride to be unstable and promote structural transitions
upon compression (Huang et al., 2021). The mutual substitution between N and C slightly
changes the sub-lattice geometry of the h-type structure (Figure S1) (Huang et al., 2021).
Therefore, h-type Fe;(C,N)s could be stable to megabar pressures, similar to its
endmembers.



Text S2. Comparison with previous studies

Compared with our previous results (Huang et al., 2021), the volumes obtained in this
study are 0.1~0.5% larger than those obtained in the externally-heated DAC experiment
but well consistent with those in the LHDAC experiment.

It is possible that the differences could be due to different pressure standards used in
the two studies (Ne in run-1 and Au in the previous EHDAC experiment). We have
recalculated the pressure for the previous EHDAC experiment using Ne as the pressure
calibrator. There is pressure gradient in the sample chamber under high pressure. In the
previous EHDAC experiment, the DAC was rotated during the XRD data collection to
acquire more diffraction spots (Huang et al., 2021). Therefore, Au was also scanned even
at the sample position. As shown in Figure S4a, the pressures determined from Au are the
same for different positions. In contrast, the pressure determined from Ne at the sample
position is 0.6 GPa higher than that at the Au position. Overall, the difference in pressure
is 0.3~0.7 GPa. This can account for 0.1~0.2% volume difference between the previous
data and present results (Figure S5). However, there is still 0.3~0.4% volume difference.

We have compared the XRD profile of this study with that in the previous EHDAC
experiment (Figure S4b). The 111-peak position of Ne is almost the same for two patterns.
However, the characteristic 121 and 022 peaks of h-type Fe7(No75Co.25)3 in the present study
have smaller momentum transfer (that is larger d-spacing) than previous data. This
indicates that h-type Fe7(No75Co.25)3 obtained in the present study has a larger volume than
that in our previous EHDAC experiment at similar pressure conditions. On the other hand,
the volume of h-type Fe7(No75Co2s); obtained in the previous LHDAC experiment (red
squares in Figure S5) is well consistent with the present LHDAC experiments.

A recent study has shown that h-type Fe;Cs could be non-stoichiometric and exhibits
chemical composition variations with carbon contents ranging from ~29.5 at% to ~35 at%
(Zhu et al., 2019). The unit-cell volume of h-type Fe;Cs decreases with increasing carbon
content. For instance, its ambient unit-cell volume reduces from 187.4 A with ~29.5 at%
carbon to 186.8 A with ~31 at% carbon and further to 186.2 A with ~35 at% carbon.

We have checked the chemical composition of our sample Fe7(No75Co2s)s (Huang et
al., 2021). The synthetic sample is basically homogeneous, but there are small variations in
chemical compositions of our sample. The total contents of nitrogen and carbon in the
Fe7(No75Co.25)3 sample range from 29.7 at% to 30.7 at%. Based on the results reported by
Zhu et al. (2019), such variations in chemical compositions can result in a ~0.3% volume
change.

We further compare the data of unit-cell volume and two axes of h-type Fe7(No.75Co.25)3
acquired in this and our previous studies (Huang et al., 2021). As displayed in Figure S6,
the compressional behaviors of both unit-cell volume and two axes are very similar for
different experimental runs. And there is only a small shift between the data obtained in
LHDAC experiments and EHDAC experiments. Therefore, it is reasonable to propose that
the small variations in chemical compositions (< 1 at%) have a slight effect on the
compressibility of h-type Fes(No75Co.25)s.

Although there are some differences in unit-cell volumes of the h-type phase at high
pressure, the differences among most of studies including ours are within 1.3% (Figure S5)
(Chen et al., 2012; Huang et al.,, 2021; Minobe et al. 2015; Nakajima et al., 2011; Prescher
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et al,, 2015). However, the data reported in two studies are anomalously lower (Lai et al.,
2018; Liu, Li, & lkuta, 2016). The unit-cell volume of Fe;Cs at ambient pressure in the study
of Liu et al. (2016) is 186.1 A, which is the lowest among all studies. The carbon content in
their sample is measured to be 30.5 at%, In contrast, Zhu et al. (2019) show that the h-type
iron carbide with a unit-cell volume of 186.2 A has a carbon content of ~35 at%. Thus, it
remains uncertain whether the chemical composition of h-type iron carbide is well
determined in the study of Liu et al. (2016). In addition, the authors have also argued that
the selection of pressure standard and PTM and the sample loading arrangement could
primarily result in such large discrepancy.

Since h-type Fez(No75Co2s)s can only been synthesized above 40 GPa under high
temperature, we have applied different sample loading arrangements to laser-heat the
sample effectively under high pressure (Figure S2). In run-1, a piece of e-type Fe7(No.75Co.2s5)3
foil was placed on a KCl plate. Then neon gas was loaded. We find that the sample chamber
shrank considerably and Re gasket was in touch with KCI plate after Ne was loaded. It
implies that the amount of Ne loaded in run-1 should be much smaller than that in the
previous EHDAC experiment. This is supported by the fact that the peak intensity ratio of
Ne-111 versus h-121 in run-1 is much smaller than that in the EHDAC experiment (Figure
S4b). Therefore, the pressure environment inside the sample chamber in run-1 is
anticipated to be different from that in previous EHDAC experiment.

To summarize, the small differences in the volumes of h-type Fe7(No.75Co.25)3 between
this and our previous studies should be primarily attributed to the small variation in
chemical compositions of the sample, and secondarily to different PTMs.



Text S3. Equation of state of h-type Fe7(No.75Co.25)3
The P-V data at 300 K are fitted to the Birch-Murnaghan (B-M) EoS:

7 5 2
P =30 |(2) - () <1 3 e - |G 0
where Vo, Ko, and Ko' are zero-pressure unit-cell volume, bulk modulus, and the first
pressure derivative of Ko, respectively.

Having established the room-temperature EoS, we further derive the thermoelastic
parameters of h-type Fe;(No75Co2s)s by fitting the obtained P-V-T data using the thermal
pressure model:

P(V,T) = P(V,300 K) + Py, (V,T) )
where P(V, T), P(V, 300 K), and Pw(V, T) are the total pressure, pressure at 300 K at a given
sample volume, and thermal pressure at a given temperature. P(V, 300 K) is calculated
using the room-temperature EoS parameters. The thermal pressure, Pw(V, T), is obtained
with two different approaches: (i) the akt model and (ii) the Mie-Griineisen-Debye (MGD)
model.

In the aKT model, Pn(V, T) is described as:

Py, (V,T) = aKy(T — 300) 3)
where o is the thermal expansion coefficient. If the anharmonic and electronic
contributions could be neglected, the aKr value is considered constant above the Debye
temperature, indicating a simple relation of oKt = aoKo.

In the MGD model (Jackson and Rigden, 1996), Pw(V, T) is derived by:

Pi(V,T) = Z[Eqn(V, T) = Etn(V,300 K)] 4)
where En(V, T), Em(V, 300 K), and y are the internal energy at high temperature, internal
energy at 300 K, and Griineisen parameter, respectively. The internal energy is defined as:

3
En(V,T) = 9nRT (5) [7/7 2 dx 5)
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where n, R, and 6 represent the number of atoms per formula unit (n = 10 in this study),
gas constant, and Debye temperature, respectively. The Griineisen parameter and Debye
temperature are also functions of the volume as:

4
r =7 () (6)

0 = Gyerov)/a 7)
where yo and 6y are Griineisen parameter and Debye temperature at ambient conditions,

respectively. g is a dimensionless parameter, evaluating the volume dependence of y.



Text S4. Axial compressibility and thermal expansion of h-type Fe7(No.75Co.25)3

The a and c axes of h-type Fe7(No75Coz2s)3 at various P-T conditions are plotted in
Figure S9. The cube of the lattice parameters at 300 K could be fitted to the B-M EoS to
obtain the linear moduli (M) and its pressure-derivative (M) (Angel et al.,, 2014). M and M'
are three times those of the volume-like K and K" values, respectively. For the LS phase,
the fitting yields ao = 6.824(6) A and M, = 1087(22) GPa, and ¢y = 4.541(6) A and M, =
620(13) GPa with M' being fixed to 9.6, three times of Ko' (3.2). It is noted that this cannot
be applied for the HS phase due to limited experimental data. Instead, we simply apply a
linear fitting for the HS phase, giving a = 6.756(20) - 0.0038(5)*P and ¢ = 4.435(10) -
0.0034(3)*P. My > M. indicates that the a axis is less compressible than the c axis in the LS
phase. This is also supported by the observation that the a/c ratio increases with pressure
(Figure S10). The a/c ratio increases with temperature at 45~55 GPa, whereas it is slightly
affected by temperature above 70 GPa. Pressure superimposes temperature in controlling
the anisotropy of the axial compressibility above 70 GPa. In addition, the values of the a/c
ratio of h-type Fe7(No75Co2s)3 are comparable to its two endmembers (Chen et al.,, 2012;
Minobe et al., 2015), implying that the compositional effect plays a slight role in the axial
compressibility of the h-type solid solution.

The thermal expansion coefficients of a®> and ¢ are calculated using the following

equation:
o = x}(P,T) — x}(P,300 K)
L™ x3(P,300 K) x (T—300)
where ( represents the a or c axis.

(8)
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Figure S1. Crystal structure of the h-type phase (space group: P6smc) shown at different
orientations. The red, blue and green spheres represent Fel, Fell and Felll atoms,
respectively. C or N atom (black sphere) is surrounded by six Fe atoms (one Fel, two Fell
and three Felll) forming the ditrigonal prism.
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Figure S2 Cross sections of sample configurations used for the LHDAC experiments. (a)
for run-1 and (b) for run-2. In run-1, a piece of e-type Fe7(No75Co.25)3 foil was placed on a
KCl plate. Then neon gas was loaded. To synthesize the h-type phase, we laser-heated the
sample from one side at the target pressure. In run-2, the sample was sandwiched between
two KCI plates. To synthesize the h-type phase, we laser-heated the sample from both
sides at the target pressure. We further applied the double-sided laser-heating technique
to investigate the phase stability and thermoelastic properties of h-type Fe7(No75Co.25)3 at
simultaneous high-pressure and high-temperature conditions in run-2.
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Figure S3 Representative raw data and integrated diffraction patterns of h-type

Fe7(No75Co2s)3 as well as other phases for each run.
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Figure S4 (a) Representative XRD patterns in the EHDAC experiment from Huang et al.

(2021). (b) Comparison of the XRD pattern in run-1 with that in the EHDAC experiment
from Huang et al. (2021) at similar pressures.
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Figure S5 P-V data of h-type Fe7(No75Co2s)3 at 300 K. Vertical and horizontal ticks represent
error bars for volume and pressure, respectively. The dashed and solid curves are
calculated using the B-M EoS parameters of HS- and LS-Fe7(No75Co25)3, respectively.
Previous experimental data of Fez(No75Co25)3, Fe7Cs and FesNs are plotted for comparison
(Chen et al.,, 2012; Huang et al,, 2021; Lai et al., 2018; Liu, Li, & Ikuta, 2016; Minobe et al.
2015; Nakajima et al., 2011; Prescher et al., 2015). “*" and “**" represent EHDAC and LHDAC
experimental results in Huang et al. (2021), respectively.
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Figure S6 Comparison of the LHDAC data and EHDAC data acquired at 300 K in this study
and Huang et al. (2021). (a) P-V, (b) P-a axis and (c) P-c axis.
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Figure S7 Le Bail fit of XRD spectra of h-type Fe7(No75Co25)3 at high pressure-temperature
conditions. The XRD data are extracted from previous LHDAC experiments (Huang et al.,
2021). Backgrounds are subtracted from the original data. Measured (red circles),
calculated (black continuous line) intensities and the difference curve (gray continuous line)
between measured and calculated spectra are shown, respectively. The black, red and blue
ticks represent Bragg peaks of KCl, h-type phase and o-type phase, respectively. The
pressures under high temperature are re-calibrated based on the thermal equation of state
of KCl reported by Chidester et al. (2021).
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Figure S8 (a) The normalized stress-Eulerian strain (Fe-f¢) plot of the h-type phase at 300
K. Previous experimental data of h-type Fe;Cs and Fe7Ns are plotted for comparison (Chen
et al, 2012; Minobe et al. 2015). (b) The normalized stress-Eulerian strain (Fe-fz) plot of the
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Figure S9 The a and c axes of h-type Fe7(No75Co2s)3 at high P-T conditions. The dashed
curves are calculated using linear equations (black open circles). The solid curves are
calculated using the B-M EoS parameters (black solid circles). The open, half-solid and
solid symbols represent the high-spin (HS), mixed-spin (MS) and low-spin (LS) states,
respectively.
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Figure S10 Axial ratio (a/c) of h-type Fe7(No75Co25)3 as a function of pressure. The open,
half-solid and solid symbols represent the high-spin (HS), mixed-spin (MS) and low-spin
(LS) states, respectively. Previous experimental data of h-type Fez(No75Co2s)3, FezCs and
FesNs are plotted for comparison (Chen et al,, 2012; Huang et al., 2021; Liu, Li, & lkuta,
2016; Minobe et al. 2015; Nakajima et al., 2011).
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Table S1. Unit-cell volumes and lattice parameters of h-type Fe7(No75Co2s)s at high
pressures and room temperature in run-1.

T (K) P(GPa) Perror V@A Verror a() aerror c(A c_error
300 48.1 1.0 159.8 0.2 6.573 0.002 4272 0.004
300 493 0.5 159.3 0.1 6.566 0.002 4268 0.002
300 513 0.5 158.7 0.1 6.558 0.001 4260 0.002
300 535 0.5 158.3 0.1 6.553 0.002 4256 0.002
300 54.2 0.5 158.0 0.1 6.548 0.002 4255 0.002
300 57.5 0.5 156.8 0.1 6.532 0.002 4245 0.002
300 59.6 0.5 156.0 0.1 6.521 0.002 4238 0.002
300 62.5 0.5 155.2 0.1 6.511 0.002 4228 0.002
300 64.5 0.5 1545 0.1 6.502 0.002 4222 0.002
300 67.4 0.5 153.8 0.1 6.496 0.002 4210 0.002
300 69.0 0.5 153.3 0.1 6.492 0.002 4200 0.002
300 714 0.5 1526 0.1 6.482 0.002 4193 0.002
300 74.1 0.5 1519 0.1 6474 0.002 4185 0.002
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Table S2. Unit-cell volumes and lattice parameters of h-type Fez(No75Co2s)s at high-

pressure and high-temperature conditions in run-2.

T T P P 4 4 a a c c

(K) error (GPa) error (A3 error  (A) error  (A) error
300 0 52.0 1.0 158.66  0.07 6.562 0.002 4.255 0.001
1100 110  55.1 1.6 161.16 0.3 6.597 0.003 4276 0.002
1132 113 547 1.7 161.25 0.2 6.598 0.003 4277 0.002
1204 120 549 1.7 16134 0.2 6.599 0.002 4.278 0.002
1282 128 551 1.7 16153 0.2 6.603 0.002 4.278 0.002
1356 136 552 1.8 161.73 0.2 6.607 0.003 4.278 0.002
1384 138 554 1.8 161.74 0.1 6.608 0.001 4.277 0.001
1453 145 555 1.8 161.82 0.1 6.609 0.001 4.278 0.001
1615 162 556 1.9 162.05 0.3 6.612 0.003 4280 0.003
1651 165 558 1.9 162.11 0.3 6.614 0.003 4279 0.003
1685 169 56.0 2.0 16196 0.2 6.614 0.002 4275 0.001
1729 173  56.0 2.0 16235 0.3 6.622 0.003 4275 0.003
1760 176  56.0 2.0 162.27 0.3 6.618 0.003 4.278 0.003
300 0 51.1 1.0 159.05 0.07 6.570 0.002 4.255 0.001
1165 117  73.0 2.0 15345 0.3 6499 0.003 4.195 0.003
1209 121 73.0 2.1 153.71 03 6.503 0.003 4.197 0.003
1236 124 734 2.1 15348 0.3 6499 0.003 4.196 0.003
1299 130 736 2.1 153.57 0.3 6.500 0.003 4.197 0.003
1365 137 74.0 2.2 153.59 0.3 6.502 0.003 4.195 0.003
1402 140 743 2.2 153.37 0.3 6499 0.003 4.193 0.003
1471 147 747 2.2 15342 0.3 6.500 0.003 4.193 0.003
1561 156  75.2 2.3 15346 0.3 6.500 0.003 4.194 0.003
1631 163 755 2.3 153.64 0.3 6.503 0.003 4.195 0.003
1738 174  76.0 2.4 15353 03 6.503 0.003 4.192 0.003
1773 177  76.3 2.4 153.64 0.3 6.503 0.003 4.195 0.003
1848 185 76.7 2.5 153.75 0.3 6.507 0.003 4.193 0.003
300 0 75.5 1.0 15145 0.07 6469 0002 4.179 0.001
300 0 78.7 1.0 150.36 0.1 6.455 0.002 4.167 0.002
1180 118 85.0 2.3 150.09 0.3 6456 0.003 4.158 0.003
1258 126  85.6 2.3 14999 0.3 6.454 0.003 4.158 0.003
1325 133 85.9 2.4 150.11 03 6455 0.003 4.160 0.003
1393 139 864 2.4 150.11 03 6455 0.003 4.160 0.003
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0.3
0.07

6.456
6.456
6.456
6.457
6.457
6.458
6.458
6.433
6.424
6.425
6.425
6.423
6.421
6.424
6.424
6.422
6.422
6.423
6.419
6.390
6.353
6.353
6.354
6.354
6.355
6.354
6.357
6.356
6.358
6.358
6.361
6.361
6.363
6.363
6.336

0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.002
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.001
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.002

4.161
4.160
4.161
4.157
4.158
4.160
4.160
4.152
4.136
4.136
4137
4.135
4.134
4132
4.131
4.128
4.127
4.126
4.126
4.112
4.073
4.074
4.074
4.074
4.075
4.075
4.075
4.077
4.078
4.079
4.081
4.080
4.081
4.080
4.066

0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.001
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.001
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.003
0.001
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Table S3. Summary of thermoelastic parameters of h-type Fe7(C,N)s.

Normalized Ko Ko' Yo q 6o (K) oo (x 107 Ref.
Vo (A3)* (GPa) Q)
92.35(16) 201(12) 8.0(1.4) --- PM-Fe;G;,
Chen et al,,
2012**
91.44(38) 307(6) 3.2(1) --- NM-Fe;Cs,
Chen et al,,
2012%**
93.1(1) 168(4) 6.1(1) --- FesCs,
Prescher et
al., 2015
92.6(1.0) 246(9) 4 FesNs,
(fixed) Minobe et al.,
2015
--—- -—- 3.5(6) PM-Fe;Cs,
Litasov et al.,
2015
92.1(3) 253(7) 3.6(2) 257(5) 22(5) 920(140) --- PM-Fe;Cs,
Nakajima et
al., 2011
93.2(3) 167(4) 5.2(2) --- 4.7(9) FesCs, Lai et
al., 2018
90.7(5) 316(5) 3.2 2.1(33) 4.5(9) 430 FesNs,
(fixed) (fixed) Kusakabe et
al., 2019
91.9(2) 201 8.0 26(3) 1.0 417 5.4(4) PM-
(flxed) (flxed) (flxed) (flxed) Fe7(No,75Co.25)3,
this study
91.2(5) 302(7) 3.2 1.3(2) 1.04) 417 2.0(2) NM-
(fixed) (fixed) Fe7(No.75Co.25)3,
this study

*Normalized Vj represents volume per formula unit.
**PM represents the paramagnetic state.

***NM represents the nonmagnetic state.
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