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In the MnGe chiral magnet, the helimagnetic order and local moment collapse in two steps, showing the
succession of high spin (HS) and low spin (LS) states as pressure increases. Here, we use high-pressure neutron
diffraction to study the doped compounds Mng gsC0g 14Ge and Mngy9Rhg ;Ge, and show that the evolution of
their microscopic magnetic properties is instead continuous. It means that the bulk HS-LS transition is a unique
feature of pure MnGe, very sensitive to small changes of the band structure and easily suppressed by chemical
substitution. On the other hand, the helimagnetic correlations appear to be strengthened by doping and survive
up to larger pressures (=19 GPa, to be compared with 213 GPa). We discuss these results in the light of other
disordered systems with remarkable properties, the so-called Invar alloys.
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In itinerant magnets, the strong sensitivity of the magnetic
moment to fine details of the band structure may result in
magnetic states which become energetically equivalent for
certain values of the lattice constant. This can, for instance,
lead to electronic transitions, between a high spin (HS) state
(with a large specific volume) toward a low spin (LS) state
(with smaller volume), that can be observed by varying either
temperature or pressure. One of the most spectacular con-
sequences of such phenomenon is believed to be the Invar
effect [1,2], discovered by Guillaume in Fe-Ni alloys [3], with
numerous industrial applications. Other examples of HS-LS
transitions can be found in molecular compounds containing
transition metals atoms [4] (Co, Fe, Mn), such as the Prussian
blues analogs [5], due to the strong sensitivity of the crystal
field to external parameters (pressure, temperature, or light).

Helical magnets with a noncentrosymmetric space group,
such as MnSi or FeGe, are textbook examples of itinerant
magnetism, hosting skyrmion lattices and being highly sensi-
tive to pressure and chemical substitution. Their helimagnetic
ground states are built upon a hierarchical energy scheme
involving ferromagnetic (FM) exchange, Dzyaloshinskii-
Moriya (DM) interaction, and crystalline anisotropy energies
[6]. It collapses under pressure, yielding non-Fermi liquid be-
havior and partial ordering of fluctuating magnetic moments
[7.8].

In this family, MnGe stands as an exception. Its short
helical period of ~30 A [9,10] cannot be explained by a
bare competition between a FM exchange and DM interac-
tions, since it would require an unphysically large spin-orbit
coupling. Recent experiments suggest the presence of a 3d
soliton lattice without need of a magnetic field [11], possibly
triggered by topological chiral interactions [12]. Strikingly,
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when applying pressure, the magnetic order and local moment
of MnGe collapse in two steps, through HS and LS states
[13], followed by a zero spin (ZS) state [14]. This peculiar
behavior was predicted by ab initio calculations [15], showing
rigid shifts of the spin-split bands upon compression. The HS-
LS transition is associated with irreversibilities of the lattice
constant [14], strongly recalling Invar anomalies [16,17].

Under chemical substitution of Mn for 3d-Co or 4d-Rh
atoms, helical order in MnGe strongly changes, showing the
onset of very long period structures above a certain doping
level (x > 0.3 and 0.5 for Rh and Co, respectively), with
characteristics similar to certain cholesteric liquid crystals
[18]. These substitutions yield either a compression (Co) or
a dilatation (Rh) of the cubic lattice constant a. At lower
doping, when MnGe helical order is preserved, one could
then expect that the chemical pressure resulting from the
substitution would either enhance (Co) or counteract (Rh) the
effect of the applied pressure. This should yield a shift of
the HS-LS transition (situated at pc; & 6 GPa in pure MnGe)
toward lower (Co) or higher (Rh) pressures, depending on the
nature of the substituting ion.

In order to check the above scenario, we have used high-
pressure neutron diffraction to study two samples with low
doping level, namely, MnggsCop14Ge and MngoRhg Ge.
From the lattice constants at ambient pressure and at 7 =
15K (a=4.767 A for MngssCoo14Ge and 4.794 A for
MnggRhp Ge [18]), one should expect pressure shifts of
—1.8 GPa for Co doping and 40.9 GPa for Rh doping with
respect to MnGe (a = 4.785 A). Strikingly, instead of a rigid
shift of the critical pressure, we observe a complete smearing
of the transitions in both cases. The helical period and ground
state magnetic moment gradually decrease without showing
any critical behavior in the studied pressure range (i.e., up
to 9 GPa). Moreover, the magnetic moments of the two
compounds vary in very similar ways and do not universally

©2019 American Physical Society
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FIG. 1. Small-angle part of the NPD patterns of Mng gsCog.14Ge
(a) and Mny9Rhg;Ge (b), measured with a neutron wavelength 1 =
2.41 A at low temperature (I’ < 10 K) and for different applied pres-
sures. The patterns are here corrected from a constant background
and scaled to the intensity of the nuclear (110) peak in order to
ease comparison. The strong helimagnetic peak asymmetry arises
from the horizontal incoming beam divergence. Arrows show its
position, as deduced from the Rietveld refinements [19]. The inset
of (b) shows the magnetic signals recorded at the highest pressures
in Mng9Rhg ;Ge. The Q range is the same as in the main panels.

scale with the unit cell volume. These results show that
the HS-LS transition is very fragile and easily destroyed by
chemical disorder, yielding a progressive breakdown of the
Mn magnetism under pressure.

We have studied powder samples, synthesized under high
pressure and high temperature [20], on the high-intensity
diffractometer D20 of the Institut Laue Langevin [21]. The
samples were inserted in a Paris-Edimburgh press, using
a (4:1) deuterated methanol-ethanol mixture as transmitting
pressure medium. A Pb chip was inserted in the cell to cali-
brate the applied pressure in situ, by monitoring the evolution
of the Pb lattice constant [22]. The temperature was varied
between ~6 and 300 K. Pressure changes were systematically
performed above the solid-liquid transition of the transmitting
medium, to ensure quasihydrostatic pressure. Neutron powder
diffraction (NPD) patterns, corrected from background and
detector efficiency, were refined using the FULLPROF suite
[23].

Patterns focusing on the main helical peak (i.e., the satellite
of the O = 0 Bragg peak), measured at the lowest tempera-
tures (7 < 10 K) are shown in Fig. 1. To be easily compared,
data obtained at different pressures are corrected from a
constant background then scaled to the integrated intensity
of the nuclear Bragg peak (110). Figure 1 shows that in
both samples, the intensity of the Q = 0 satellite strongly
decreases under pressure, whereas its positions moves toward
high angles. This gradual evolution takes place up to the

highest measured pressure, without saturation of the peak
intensity or blocking of the peak position. It shows that both
magnetic moment and helical wavelength, respectively related
to the peak intensity and peak position, continuously vary in
the studied pressure range. This behavior strongly contrasts
with observations in pure MnGe, where the peak intensity and
position become independent of the applied pressure above
pc1 ~ 6 GPa, marking the HS-LS transition (see Fig. 3 of
Ref. [13]). Thus, data displayed in Fig. 1 are already a clear
indication of the smearing of this transition in the substituted
samples.

For each pressure, a series of patterns was measured versus
temperature. Typical examples are shown in the Supplemental
Material [19], together with joint Rietveld refinements of the
crystal and magnetic structures. The Q = 0 satellite coexists
with the Bragg peaks from the crystal structure at higher Q
values. As in MnGe, satellites of the other Bragg reflections
are much less intense and cannot be detected under pressure,
since the signal-to-noise ratio is degraded by the background
contribution from the pressure cell and small sample volume.
Good refinements are obtained by assuming that the same type
of helical order persists in the whole studied temperature and
pressure (0-9 GPa) range. Taking the calculated resolution
of the spectrometer into account, the helical peaks shows a
small broadening with respect to the nuclear peaks, which
increases with increasing pressure. From this broadening, one
can extract the helimagnetic correlation lengths. They always
remain much larger than the helical periodicities, suggesting
well-preserved medium-to-long range magnetic ordering up
to the highest pressure in both samples [19].
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FIG. 2. Temperature dependence of the ordered magnetic mo-
ments per formula unit (f.u.) in Ming 36Cop 14Ge (a) and Mng 9Rhg ; Ge
(b) for different applied pressures. The solid lines are fits of Eq. (1)
to the data, performed in a temperature range limited to the vicinity
of Ty (see text).
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FIG. 3. Ordered magnetic moment per formula unit (f.u.) in
Mny 36Coq.14Ge, Mng9Rhg ; Ge, and MnGe, as a function of pressure
p (a) and unit cell volume V in (b). Data for pure MnGe are taken
from Ref. [13].

Thanks to the refinements, the intensity of the helical peak
can be properly scaled to the intensity of the nuclear peaks,
yielding a determination of the ordered moment 7 in absolute
units. Its temperature dependence is plotted for each measured
pressure in Fig. 2. In the vicinity of the ordering (Néel)
temperature Ty, data are tentatively described by a power law

a (1-T/Ty)! forT < Ty
0 otherwise,

m(T) = { ey
where a is a scaling factor and B a critical exponent. m
decreases continuously with increasing temperature in both
cases. Its variation is rather smooth in the Co sample (8 = 0.5
as in pure MnGe), whereas it is much more abrupt in the Rh
sample (8 =~ 0.2), recalling a first-order transition.

The pressure dependence of the ordered magnetic mo-
ment at the lowest temperature (T < 10 K « Ty) is shown
in Fig. 3(a) for the two samples, in comparison with previous
results in pure MnGe [24]. At ambient pressure, the magnetic
moments are slightly decreased in the doped samples, as
expected from magnetic dilution. But as a main result, we find
that their pressure dependence strongly differs from that of
MnGe. In MnGe, the moment retains its HS value of ~1.9ug
from ambient pressure up to pc; =~ 6 GPa, then shows a step-
like decrease toward its LS value of 20.6ug, which remains
constant up to the maximum pressure of 10.1 GPa. For the two
substituted samples, the moment starts to decrease from the
lowest applied pressure which amounts to 1.2 and 2.1 GPa for
Co and Rh samples, respectively. In other words, the critical
pressure pc; which separates the HS from the LS state in
MnGe vanishes under doping.

200
A MnGe

150 0 MnyyRhy,Ge |
0 MnsCoy14Ge
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FIG. 4. Néel temperature Ty versus pressure as measured in
Mng 36Cog 14Ge and Mng 9oRhg | Ge. The values of Ty in MnGe from
Ref. [13] are plotted for comparison.

From the (p, V) equations of state, determined in MnGe
from neutron and x-ray synchrotron data [13,25], and from
neutrons in the doped samples [19], one can also plot the vari-
ation of the moment versus the unit cell volume [Fig. 3(b)].
As another important result, the pressure dependence of the
moments are very similar in the Co and Rh samples with
similar amount of doping, and they do not fall on a univer-
sal curve, scaling with the unit cell volumes. It means that
the parameter which governs the suppression of the HS-LS
transition is not the chemical pressure but most likely the
magnetic disorder induced by Co and Rh ions which bear
weak magnetic moments, either intrinsic [18] or induced
[26]. We note that a rather smooth evolution of the saturated
moment was recently reported in MnSi;_,Ge,, in relation
to an ~5% change of lattice constant [27]. There also, one
should account for the effective magnetic contribution of Ge
[26] and for the influence of disorder on the band structure to
capture the nature of the observed transition.

For each pressure, fits of Eq. (1) to the temperature depen-
dence of the magnetic moment (Fig. 2) in the hig-temperature
range determine the Néel temperature Ty from the helical to
the paramagnetic state where the ordered moment vanishes.
In all samples, Ty decreases linearly with the applied pres-
sure (Fig. 4) but the slope for MnGe (—12.9 £ 1.0 KGPa™h)
is about twice higher than for the doped samples, namely,
—6.34+ 1.0 KGPa~! for Coand —7.2 + 1.1 KGPa~! for Rh.
Extrapolation of these linear variations to 7y = 0 yields a
quantum critical point (QCP) at py, where the ordered mo-
ment vanishes. In MnGe, pg = 13.1(7) GPa is situated in the
medium pressure range between two QCPs, namely, pc; ~
6 GPa which marks the HS-LS transition and pc; &~ 23 GPa
which corresponds to the Mn moment collapse [25]. On the
contrary, in the doped samples where pc; = 0, py extrapo-
lates toward very high values, of 19.4 + 2.0 GPa for Co and
18.8 & 1.6 GPa for Rh, in the pressure range of pc,. This
is another sign of the smearing of the HS-LS transition by
doping.

We finally turn to the helical wavelength Ay, deduced from
the wave vector Qy of the helical pitch (A, = 27 /0Qy). It
exhibits a smooth dependence with pressure in the doped
samples, and gradually decreases with unit cell volume with-
out any anomaly (Fig. 5). This is not the case for MnGe
[13], where A, saturates at a constant value of ~20 A above
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FIG. 5. Helical wavelength A;, in Mng 36Coy 14Ge, Mng 9Rhg 1 Ge,
and MnGe versus the unit cell volume V. The values in MnGe are
from Ref. [13].

6 GPa, or equivalently for a unit cell volume V;, smaller than

~104 AS, showing the occurrence of the LS state.

To understand the suppression of the bulk HS-LS transition
by doping in MnGe, we propose the following scenario, based
on analogy with random Invar alloys [28,29]. At ambient
pressure, the substituted Co/Rh atoms with low magnetic
moments locally breaks the short period helical structure in
MnGe, issued from a competition of near-neighbor interac-
tions [30]. At the same time they induce different magnetic
environments for the Mn atoms, depending on the number of
their Co/Rh near neighbors. The sensitivity of the magnetic
moments and exchange interactions to these local environ-
ments results in a local spin canting of the Mn moments with
respect to the average helical angle. Upon a small increase
of pressure, the atomic volume decreases and LS moments
become energetically favored at some peculiar sites, since the
Co/Rh impurities act as nucleation centers to trigger the HS-
LS transition locally. The HS state, stable at ambient pressure,
starts to compete with a large number of magnetic configu-
rations which are energetically equivalent, yielding magnetic
frustration. These partly disordered configurations involve
both local canting and LS moments. As pressure increases
further, the distribution of canting angles increases together

with the number of LS moments, so that the average ordered
and local moments decrease at the same time. Consequently,
the pressure po where the helical order vanishes is close to
the pressure pc, which marks the disappearance of the local
moment or ZS state. The evolution toward the ZS state is
gradual and continuous, due to the large distribution of both
canting angles and HS/LS spin states, correlated to the local
chemical environments.

Recent ab initio calculations suggest to interpret the
pressure-induced Invar effect in disordered Fe-Ni alloys in a
similar way [31,32]. In this picture, a continuous transition
occurs between a HS ferromagnetic state at high volume and
an increasing number of noncollinear and partly disordered
configurations at low volumes, nucleated by locally “flipped”
moments. In Fe-Ni alloys, the ability of the system to relax its
magnetic structure among these configurations could explain
the suppression of anharmonic phonon modes and the low
thermal expansion associated with the Invar effect. Similarly
in MnGe the Co/Rh doping could affect not only the magnetic
structure and the pressure-induced transition, but also the
low-energy spin dynamics [11,24,25], the phonon spectrum,
and the elastic properties. This could be checked in future
experiments.

In conclusion, a moderate substitution of Mn for Co or
Rh suppresses the pressure-induced HS-LS transition in the
MnGe helical magnet, instead of shifting it toward lower
(Co) or higher (Rh) pressures as expected from bare chem-
ical pressure effects. This shows that the main effect of
doping is the magnetic disorder induced by the low Co/Rh
moments, randomly distributed in the Mn helical structure.
Under pressure, the gradual evolution of the helical state
toward paramagnetism suggests the occurrence of disordered
configurations, involving local canting and reduced moments,
recalling the behavior of disordered Invar alloys.
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grateful to the Russian Science Foundation (Grant No. 17-12-
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In this supplement, we provide information concerning the synthesis and macroscopic mag-
netic properties of the samples studied in the paper (Sec. . Additional details concerning
the treatment of the high-pressure neutron diffraction data are also given (Sec. .

I. SAMPLES

A. Synthesis and characterization

Polycrystalline Mn;_,(Co,Rh),Ge samples were synthesized under 8 GPa in a toroidal high-
pressure apparatus by melting reaction with Mn, (Co,Rh) and Ge. The purity of the constituents
was 99.9% (Mn, Co, Rh) and 99.999% (Ge). The pellets of well-mixed powdered constituents were
placed in rock-salt pipe ampoules and then directly electrically heated to T ~ 1600°C. Then, the
samples were quenched to room temperature before releasing the applied pressurel. For the current
study, the samples are the same as those studied in Ref. 2. The total mass of each composition
was ~ 150 — 200 mg.

The studied samples have been checked by X-ray diffraction in order to evaluate the amount
of impurity phases within the powders (see Fig. [1)). The Mn-Ge system is composed of several
intermediate alloys?, including Mni;Geg, MnsGey and Mn3zGe. We have thus tried to refine the
powder patterns including the latter alloys, as well as CoGe and RhGe, using the Fullprof suite?.
This procedure always yielded concentrations converging towards 0 (i.e. meaning that potential

traces fall below the noise level).
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FIG. 1: X-ray powder diffractograms of the Mng g6Cog.14Ge (a) and Mng gRhg 1 Ge (b) samples, recorded at
room temperature using Cu radiation. In both panels, the measured data points (red dots) and calculated
patterns (black solid line) are displayed. The part of the scattered intensity which is not captured by the
refinements is entirely due to background fluctuations, which are comparatively more pronounced in the

Mng 86Co0.14Ge case (a) due to a lower signal-to-noise ratio with respect to the Mng gRhg 1 Ge case (b).

However, it is known that the synthesis can also result in a small amount of Mn,O3® at the
grain edges, as well as pure Ge? within the grains. Our samples indeed show the presence of these
two impurity phases, with concentrations smaller than ~ 2% (see Tab. . We note that MnsOgs
is an antiferromagnet (AFM) with ordering temperature close to ~ 80 K®. However, its presence

has no influence on the results presented in the main text, for at least two reasons:

i. The (weak) AFM contribution of MnyO3 to the neutron patterns occurs at much larger angle

than the helimagnetic (HM) satellites of Mn;_,(Co,Rh),Ge,



ii. By definition, an AFM phase does not produce stray fields and is thus magnetically decoupled

from the HM (main) phase.

TABLE I: Impurity phases and their respective concentration within the samples studied in this work, as

deduced from the refinement of the X-ray powder diffraction patterns of Fig.

Impurity phase Space group In Mng g6Cop.14Ge (%) In Mng 9Rhg 1Ge (%)
Ge Im3m (no. 229) 0.2(0) 1.33(13)
M 03 Pbea (no. 61) 1.99(20) 0.12(34)

B. Magnetic measurements

Temperature-dependence of static susceptibility x in MnggRhg 1Ge has been obtained using a
Superconducting Quantum Interference Device (SQUID) magnetometer, while the Mng gCog.14Ge
sample has been investigated using a Vibrating Sample Magnetometer (VSM). In both cases, we
recorded data upon heating after zero-field cooling (ZFC), under an applied field H = 100 G. The

temperature-dependence of y is displayed in Fig. [2] and characteristic temperatures are given in

Tab. II
6 I I I I I
51 A MnGe .“‘.‘ H=100G _|
_ —8 MngoRh,;Ge .
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FIG. 2: Temperature dependence of the static magnetic susceptibility of Mng gsCog.14Ge, Mng gRhg 1Ge
(this work) and MnGe (Ref. [7)) obtained through a zero field cooling (ZFC) procedure, at an applied field

of 100 G.



TABLE II: Curie-Weiss temperature Ocw, obtained from a linear fit of the inverse susceptibility in the
high temperature range, and position of the susceptibility peak T)"** for MnGe, MngoRh1Ge and
Mng g6Cog.14Ge. These values are compared with the Néel temperature Ty obtained by neutron diffrac-

tion (see main text).

Sample bow (K) T (K) Tx (K)
MnGe 277 [Ref. [§] 172 170 [Ref. @]

MggRhg 1 Ge 211 [Ref. 2] 147 135

Mng g6Cog.14Ge 187 [Ref. 2] 124 123

II. NEUTRON POWDER DIFFRACTION

A. Experimental details

The neutron powder diffraction experiments presented in this manuscript have been performed

on the high-intensity instrument D20 of the Institut Laue Langevin!’. High quasi-hydrostatic

U inserted within a closed-circle

pressures were applied using a so-called Paris-Edinburgh press
refrigerator allowing to reach a few Kelvin temperature. Pressure was calibrated in situ using
the main Bragg peaks of Pb, for which the (p,V) equation of state is calibrated as a function of

12

pressure and temperature. In order to preserve quasi-hydrostatic conditions, pressure changes

were systematically performed above the solidification point of the pressure transmitting medium,

namely a (4:1) deuterated methanol-ethanol mixture’?.

B. Refinement of the neutron diffraction patterns

Neutron powder diffraction (NPD) patterns, corrected from a linearly interpolated background
and detector efficiency, were analyzed using the Fullprof suite*. The input (i.e. .pcr) files

contained three different phases:

i. A nuclear phase, corresponding to the crystallographic structure of Mn;_,(Co,Rh), Ge (space
group P213),

—

ii. A magnetic phase, with a propagation vector @ = (0,0, Qy),

iii. A second nuclear phase, corresponding to the crystallographic structure of Pb (space group

Fm3m).



In order to obtain the ordered magnetic moments displayed in Figs. 2 and 3 of main text, the
nuclear and magnetic phases of the studied Mn;_,(Co,Rh),Ge alloys were refined using the Rietveld
method with a common scaling factor. Since nuclear scattering is proportional to tabulated cross
sections, this strategy allows retrieving the values of the magnetic moments m in a self-consistent
way (recalling that magnetic scattering is proportional to m?). On the other hand, the diffraction
peaks of Pb have been described using a simple profile matching (so-called Le Bail fit), which is
sufficient to determine its pressure- and temperature-dependent lattice constant.

Full datasets measured at intermediate pressure values are shown in Fig. The comparison
with calculated patterns demonstrates the good quality of the fits. We note the systematic presence
of a peak at QQ ~ 2.7 A_l, which is not taken into account in our refinements but most likely

corresponds to the (111) reflection of Al.
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FIG. 3: (a,c) Low temperature NPD patterns of Mng g6Cop.14Ge (p = 4.8 GPa) and Mng gRhy 1 Ge (p = 3.6
GPa), respectively (red dots). The calculated profiles (black line) and differences between experimental and
calculated curves (blue line) are also shown. (b,d) Focus on the small-angle range, highlighting the @ = 0

helimagnetic satellite, for Mng g6Cog.14Ge (p = 4.8 GPa) and Mng gRhg 1Ge (p = 3.6 GPa), respectively.



C. Bragg peaks broadening and magnetic correlation lengths

In the course of the structure refinements, Bragg preaks were described by a Thompson-Cox-
Hastings (TCH) pseudo-Voigt function (Npr = 7 in FullProf). This peak profile is commonly
used when studying helimagnetic compounds, since it includes the effects of finite horizontal beam
divergence resulting in a pronounced peak asymmetry at small scattering angles (where the main
magnetic satelitte is observed). This asymmetry is accounted for by assigning a value ~ 0.1 to the
parameter D_L in FullProf. The latter value is determined empirically, using datasets recorded at
low pressure where the satellite intensity remains large, and fixed throughout the whole refinement
process (i.e. at any temperatures and pressures) since it only depends on the instrumental setup.

The Gaussian part of the TCH function includes the effect of the instrumental resolution and

follows a Caglioti form

Heanss = A(20)Ganss = (U tan20 + V tan 0 +w)'/> | (1)

where 0 is half the scattering angle, while the parameters U, V and W are determined on a
high-temperature pattern at ambient pressure, for each studied compounds.

On the other hand, the broadening of the Lorentzian part of the TCH function is either due
to (i) pressure inhomogeneities or (7i) changes in magnetic correlation length. The corresponding

full-width at half-maximum (FWHM) is given by

Hiorentz = A(20)1Lorentz = X - tanf + Y/ cos € | (2)

where X and Y are pressure-dependent refined parameters (expressed in degrees in FullProf).
From Eq. [2| it is clear that the X (resp. Y)-term will dominate at large (resp. small) scattering
angle. Thus, in order to reduce the number of refined parameters, we have only refined the relevent
X (resp. Y) parameter for the nuclear (resp. magnetic) phase through the whole data treatment,
while Y (resp. X) was kept fixed at a zero value. Assuming a negligibly small neutron wavelength
spred, one is then able to relate the angular broadening given in Eq. [2| to a momentum-transfer

distribution using the kinematic expression

&:Ae-cotH , (3)

Q



where 6 is half the scattering angle and A# is the angular spread of the corresponding Bragg
reflection (see Egs. [L2]). Since we only consider elastic scattering, the momentum transfer @ is

given by

4
Q:;-sine , (4)

where \ = 2.41 A is the mean neutron wavelength.

1. Pressure-induced nuclear peaks broadening

Using Eqgs. [2] and [3] with Y = 0, one gets

AQ Hi orents m T
- S cotf = —— X 5
0 2 180 YT 360 " (5)

which gives the relative momentum transfer spread for all measured Bragg peaks. This value
reflects the effects of local strains, induced by unavoidable pressure inhomogeneities. We show
the pressure-dependence of AQ/Q for Mng gsCop14Ge and MnggRhg 1Ge on Fig. We note a
slight increase upon compression. This effect remains small and is fairly comparable to what was
observed for pure MnGe (Ref. [9)). The raw comparison with MnGe rules out a spurious smearing

of the HS-LS transition, and underscores its electronic origin, as stressed in the main text.

2.  Magnetic correlation lengths

The magnetic correlation length ¢ is extracted from the half-width at half-maximum (HWHM)
of the @ = 0 magnetic satellite k, via £ = 2/k. k is obtained using Eqgs. [2| and |3| with X = 0, i.e.

AQ 1 HLorentz ™ 772
_ D% _ZA — _tLorentz = % O = Y
K 5 5 0 cotHQ 1 180 cotf-Q 130X ,

(6)

yielding:
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FIG. 4: Pressure-dependence of the momentum transfer spread AQ/Q for MnggCog.14Ge and
Mng 9Rhg 1 Ge (this work), and MnGe (Ref. [@)). Solid line is a guide to the eye.

In Fig. [5] we show the pressure-dependence of & for Mng gCop 14Ge and Mng 9Rhg 1 Ge, com-
pared with the values observed for pure MnGe?. One immediately notes a systematic decrease of &
upon increasing the substitution rate of Mn for Co or Rh. This effect is not surprising given that
the magnetic interactions, and hence long-range ordering, must be disturbed by chemical disorder
in such metallic systems. On the other hand, pressure tends to limit the correlation length but it
is worth pointing out that £ always remains much larger than the helical periodicity, suggesting

that a medium to long-range order is well preserved over the whole studied pressure-range.

D. Spurious small angle peaks at high pressure in Mng¢Rhg 1Ge

We comment on the sizeable peak, observed in the inset of Fig. 1b of main text in immediate
proximity to the ) = 0 magnetic satellite. These patterns are obtained at the highest pressures,
so that the magnetic signal becomes very weak (recalling that it is proportional to the square of
the ordered moment) and even the smallest artifacts become visible. This is illustrated in Fig.
[Bh MnggRhg1Ge at an applied pressure p = 7.9 GPa. However, the magnetic signal can be easily
isolated from its temperature dependence. On Fig. [6b, we show the result of the subtraction of a
high temperature pattern (taken above the Néel temperature) from a low temperature one. This

procedure results in a single magnetic Bragg peak, here located around 26 = 6°. The temperature-
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FIG. 5: (Symbols) Pressure-dependence of the helimagnetic correlation lengths in Mng g6Cog.14Ge and
Mng 9Rhg 1Ge (this work), compared to that of pure MnGe (Ref. [@)). Solid lines are guides to the eye.
(Dotted lines) Helical periodicity A, for the three compounds. One sees that & > \;, suggesting the

persitence of a medium-to-long range ordering over the whole pressure range explored in the experiments.

independent peak at 20 ~ 4.8° can therefore be considered as a locally noisy background, and as

been treated as such in the course of the structural refinements presented in the main text.

Mn, oRhy ;Ge, p = 7.9 GPa Mn, oRhy ;Ge, p = 7.9 GPa

22 Magnetic signal

Intensity (a.u.)
Intensity (a.u.)

26 (%)

FIG. 6: (a) Comparison of a low (blue squares) and high (black squares) temperature patterns recorded on
Mng 9Rhg 1 Ge at an applied pressure p = 7.9 GPa. (b) The subtraction of the latter from the former results

in a unique magnetic Bragg peak.
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E. (p,V)-Equations of State

At relatively low compressions, the celebrated Murnaghan law is often used to model pressure-

volume (p, V')-equations of state (EoS) of solids. It is given by

I\ BT

where Vj is the ambient pressure unit cell volume, By the bulk modulus and By, its first pressure
derivative.

In Fig. [7] we report the experimental low-temperature EoS of Mng ggCog.14Ge and Mng gRhg 1 Ge
(this work), and of MnGe (Ref. [9). The doped compounds both appear to be less compressible than
pure MnGe. This highlights the effect of doping on the electronic band structures of Mng ggCog.14Ge
and Mng gRhg 1Ge, leading to locally mixed HS and LS ions. Indeed, both ab initio calculations’®
and x-ray diffraction!® have shown that the LS state is always less compressible than the HS one
in MnGe. For the sake of completeness, we give the parameters of the Murnaghan FoS, obtained

via a fit of Eq. [§/to the NPD data.

1.00 (o] Mn0'86C00' 14Ge
I By~ 137GPa | 8 MngoRhy,Ge
0.98 - N ===+ MnGe
S - By~ 113GPa
> 0.96
0.94
[ l l l l ~s
0 2 4 6 8 10

p (GPa)

FIG. 7: (p,V) equations of state of Mng gsCog.14Ge (red circles) and Mng gRhg 1Ge (blue squares). Solid
lines are fit of Eq. [§ to the data, with B = 5. Dashed line is the low-temperature EoS of pure MnGe (from
Ref. [9).
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TABLE III: Parameters of the Murnaghan equation (Eq. [8) describing the experimental EoS. Note that Bj

was kept fixed to a value of 5 in order to ease comparison with the reference data for pure MnGe published

in Ref. O
Sample Vo (A3) By (GPa) B
MnGe [Ref. [0] 109.6 106 5 (fixed)
Mng gRhg 1 Ge [this work] 111.3 113 5 (fixed)
Mny.86C0g.14Ge [this work] 108.2 137 5 (fixed)

10

11

12

13

14

15

nicolas.martin@cea.fr

A. Tsvyashchenko, V. Sidorov, L. Fomicheva, V. Krasnorussky, R. Sadykov, J. Thompson, K. Gofryk,
F. Ronning, and V. Ivanov, in Magnetism and Magnetic Materials V (2012), vol. 190 of Solid State
Phenomena, pp. 225-228.

N. Martin, M. Deutsch, G. Chaboussant, F. Damay, P. Bonville, L. N. Fomicheva, A. V. Tsvyashchenko,
U. K. Rossler, and I. Mirebeau, Phys. Rev. B 96, 020413(R) (2017).

A. Berche, J. Tedenac, and P. Jund, Intermetallics 47, 23 (2014).

J. Rodriguez-Carvajal, Physica B 192, 55 (1993).

O. L. Makarova, A. V. Tsvyashchenko, G. André, F. Porcher, L. N. Fomicheva, N. Rey, and I. Mirebeau,
Phys. Rev. B 85, 205205 (2012).

M. Regulski, R. Przenioso, I. Sosnowska, D. Hohlwein, and R. Schneider, Journal of Alloys and Com-
pounds 362, 236 (2004).

M. Deutsch, P. Bonville, A. V. Tsvyashchenko, L. N. Fomicheva, F. Porcher, F. Damay, S. Petit, and
I. Mirebeau, Phys. Rev. B 90, 144401 (2014).

R. Viennois, C. Reibel, D. Ravot, R. Debord, and S. Pailhés, Europhys. Lett. 111, 17008 (2015).

M. Deutsch, O. L. Makarova, T. C. Hansen, M. T. Fernandez-Diaz, V. A. Sidorov, A. V. Tsvyashchenko,
L. N. Fomicheva, F. Porcher, S. Petit, K. Koepernik, et al., Phys. Rev. B 89, 180407(R) (2014).

T. C. Hansen, P. F. Henry, H. E. Fischer, J. Torregrossa, and P. Convert, Measurement Science and
Technology 19, 034001 (2008).

S. Klotz, T. Strassle, G. Rousse, G. Hamel, and V. Pomjakushin, Applied Physics Letters 86, 031917
(2005).

S. Klotz, Techniques in High Pressure Neutron Scattering (CRC Press, 2012).

S. Klotz, L. Paumier, G. L. March, and P. Munsch, High Pressure Research 29, 649 (2009).

U. K. Rossler, Journal of Physics: Conference Series 391, 012104 (2012).

N. Martin, M. Deutsch, J.-P. Itié, J.-P. Rueff, U. K. Rossler, K. Koepernik, L. N. Fomicheva, A. V.
Tsvyashchenko, and I. Mirebeau, Phys. Rev. B 93, 214404 (2016).


mailto:nicolas.martin@cea.fr

	Samples
	Synthesis and characterization
	Magnetic measurements

	Neutron powder diffraction
	Experimental details
	Refinement of the neutron diffraction patterns
	Bragg peaks broadening and magnetic correlation lengths
	Pressure-induced nuclear peaks broadening
	Magnetic correlation lengths

	Spurious small angle peaks at high pressure in Mn0.9Rh0.1Ge
	(p,V)-Equations of State

	References

