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Introduction

The magnetic properties of compounds with a cubic B20 structure, such as MnSi and FeGe, are currently the subject of intense research. These compounds have a non-centrosymmetric crystallographic structure of B20 type, described by the space group P 2 1 3. The noncentrosymmetric arrangement of magnetic atoms in a B20-type lattice leads to the formation of a spin helicoid. It is known that this structure is based on a hierarchy Skanchenko) of interactions between spins: ferromagnetic (FM) exchange interaction, antisymmetric Dzyaloshinskii-Moriya (DM) interaction, and anisotropic exchange interaction [START_REF] Dzyaloshinskii | Theory of helicoidal structures in antiferromagnets[END_REF][START_REF] Bak | Theory of helical magnetic structures and phase transitions in MnSi and FeGe[END_REF][START_REF] Ishikawa | Helical spin structure in manganese silicide MnSi[END_REF][START_REF] Lebech | Magnetic structures of cubic FeGe studied by small-angle neutron 565 scattering[END_REF][START_REF] Nakanishi | 570 The origin of the helical spin density wave in mnsi[END_REF]. The competition between FM (J) and DM (D) terms stabi-15 lizes the helical spin structure with the wave vector

k s = D/J.
The magnetic structure of binary compound MnSi undergoes a phase transition to an incommensurate helical spin state with a wave vector 20 k s = (2π/a)(ξ, ξ, ξ), where ξ = 0.017, T C = 29.5 K. The spin helices in MnSi are oriented along four equivalent directions 1, 1, 1 , so that in the absence of an external magnetic field, four types of magnetic domains are formed in the crystal [START_REF] Ishikawa | Helical spin structure in manganese silicide MnSi[END_REF][START_REF] Ishikawa | Magnetic excitations in the weak itinerant ferromagnet mnsi[END_REF].

Another compound similar to MnSi in terms of magnetic structure properties is FeGe [START_REF] Lebech | Magnetic structures of cubic FeGe studied by small-angle neutron 565 scattering[END_REF][START_REF] Ludgren | Helical spin arrangement in cubic FeGe[END_REF]. There are several significant differences between magnetic structures of FeGe and MnSi. The value of the temperature of magnetic ordering in case of FeGe is equal to T c = 278 K [START_REF] Lebech | Magnetic structures of cubic FeGe studied by small-angle neutron 565 scattering[END_REF]. This value is close to room temperature. Together with the possible applications of homochiral helical magnetic structure this amplify the researchers interest to transition metal monogermanides. Another difference between FeGe and MnSi is the magnitude of the wave vector of the magnetic helix in the ordered state, which in FeGe is directed along the 1, 1, 1 axes and equals to k ≈ 0.09 nm -1 in compare to k ≈ 0.36 nm -1 for MnSi. The value of the wave 40 vector does not depend on the strength of the external field and depends weakly on temperature. It is known that, as the external magnetic field increases above the first critical field H c1 , the multidomain magnetic structure is rearranged into a single-domain conical helix with the wave vector k s directed along the field. With a further increase of the magnetic field up to H c2 , the conical spiral transforms into a field-induced ferromagnetic state [START_REF] Ishikawa | Helical spin structure in manganese silicide MnSi[END_REF]. At temperatures near the T C , in a cer-50 tain range of fields H c1 < H a1 ≤ H ≤ H a2 < H c2 , the so called "skyrmion lattice" (or A -phase) appears. The A -phase is an anomalous phase of the flip of the helix wave vector k by 90°with respect to the external magnetic field [START_REF] Mühlbauer | Skyrmion lattice in a chiral magnet[END_REF].

The definition of the magnetic chirality with respect to the structural chirality (left or right) is another intriguing feature of B20 compounds. It is well known that structural chirality "γ" strictly determines the meaning of the magnetic chirality 60 "γ" [START_REF] Tanaka | Crystal 595 chirality and helicity of the helical spin density wave in mnsi. i. convergent-beam electron diffraction[END_REF][START_REF] Ishida | Crystal chirality and helicity of the helical spin density wave in mnsi. ii. polarized neutron diffraction[END_REF][START_REF] Grigoriev | Crystal handedness and spin helix chirality in fe 1-x coxSi[END_REF][START_REF] Grigoriev | Interplay between crystalline chirality and magnetic structure in mn 1-x f e x Si[END_REF][START_REF] Dyadkin | Control of chirality of transition-metal monosilicides by the czochralski method[END_REF][START_REF] Grigoriev | Chiral properties 635 of structure and magnetism in mn 1-x fexGe compounds: When the left and the right are fighting, who wins?[END_REF]. However, the relation between two chiralities is found to be different for various B20 compounds. It was fond that in case of Mn based compounds (such as MnSi and MnGe) the crystalline and magnetic chiralities have the 65 same sign, while the chiralities are opposite to each other for Fe based ones, i.e., for FeGe. The study of the solid solution of MnGe and FeGe compounds with the help of small-angle neutron scattering reveals that the short-period helical structure of pure 70 MnGe (k = 2.3 nm -1 ) changes to a long-period helical structure of pure FeGe (k = 0.09 nm -1 ) through a ferromagnetic-like transition at x c = 0.75 [START_REF] Grigoriev | Chiral properties 635 of structure and magnetism in mn 1-x fexGe compounds: When the left and the right are fighting, who wins?[END_REF]. The possibility of the formation of ferromagnetic structure with non-zero value of D was later 75 theoretically explained by the competition between cubic anysotropy and DM interaction in solid solutions [START_REF] Grigoriev | From spiral to ferromagnetic structure in b20 compounds: Role of cubic anisotropy[END_REF]. Similar result was later observed for Fe 1-x Co x Ge solid solutions [START_REF] Grigoriev | Tsvyashchenko, Flip of spin helix chirality and ferromagnetic state in fe 1-x coxGe compounds[END_REF]. In both these families, the substitution involves solely 3d elements.
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The substitution of 3d elements with 4d, such as Rh, leads to even more intriguing results [START_REF] Tsvyashchenko | Superconductivity and magnetism in noncentrosymmetric rhge[END_REF][START_REF] Salamatin | Hyperfine field studies of the high-pressure phase of noncentrosymmetric superconductor rhge (b20) doped with hafnium[END_REF][START_REF] Martin | Long-period helical structures and twist-grain boundary phases induced by chemical substitution in the mn 1-x (Co, Rh) x Ge chiral magnet[END_REF][START_REF] Sidorov | Magnetic, electronic, and transport properties of the high-pressure-synthesized chiral magnets mn 1-x rhxGe[END_REF]. Measurements of the electrical resistance and magnetization of the binary compound of rhodium monogermanide RhGe, which is an isostructural 85 analog of MnSi and FeGe, demonstrated a superconducting state below T c ∼ 4.5 K [START_REF] Tsvyashchenko | Superconductivity and magnetism in noncentrosymmetric rhge[END_REF]. The specific heat data confirmed the volume character of superconductivity in this compound. The replacement of Mn atoms with Rh brings the helical mag-90 netic system to evolve unexpectedly with respect to Mn 1-x Fe x Ge series [START_REF] Martin | Long-period helical structures and twist-grain boundary phases induced by chemical substitution in the mn 1-x (Co, Rh) x Ge chiral magnet[END_REF][START_REF] Sidorov | Magnetic, electronic, and transport properties of the high-pressure-synthesized chiral magnets mn 1-x rhxGe[END_REF]. In particular, no flip of the magnetic chirality was observed and a split of the additional modulation of the period of magnetic order was found with SANS. The second reflection was explained as the presence of magnetic "twist grain boundary" phases, involving a dense short-range correlated network of magnetic screw dislocations with the cores described as nonradial double-core skyrmions [START_REF] Martin | Long-period helical structures and twist-grain boundary phases induced by chemical substitution in the mn 1-x (Co, Rh) x Ge chiral magnet[END_REF]. 

Experimental techniques

For this work, Fe 1-x Rh x Ge compounds were synthesized with x from 0.0 to 1.0 with a step of 0.1.

The samples were synthesized under a pressure of P = 8 GPa and T = 1700 K in a high-pressure 125 toroidal cell by melting a composition of Fe, Rh, and Ge in proportions corresponding to the desired composition of the solid solution [START_REF] Khvostantsev | Toroid type high-pressure device: history and prospects[END_REF]. The samples are obtained in a polycrystal form with a crystallite size of about 10 µm (see details in [START_REF] Tsvyashchenko | High pressure synthesis and magnetic properties of cubic b20 MnGe and CoGe[END_REF]). The crys-130 tal structure of the samples was studied by X-ray diffraction (XRD). The measurements were carried out at room temperature and atmospheric pressure using a Guinier camera -G670, Huber diffractometer (Cu Kα 1 ).

135 Magnetic susceptibility measurements have been performed in order to obtain the temperatures of the magnetic ordering for all synthesized compounds with ac method in a home-made coil system.

140

The magnetic structures were further probed using small-angle neutron scattering (SANS). The SANS experiments were carried out at the PA20 facility at the Laboratoire Léon Brillouin in Saclay,

France. The neutron beam wavelength was chosen 145 equal to 5 Å, the sample-detector distance was varied in the range of 12-20 m in order to establish the Q-range available for investigation in the most optimal way for studying the magnetic structure of compounds. An external magnetic field was ap-150 plied perpendicular to the incident neutron beam.

Due to the high-pressure synthesis, the amount of sample for each composition was relatively small.

In order to increase the amplitude of the signal, the studies were carried out as follows. Samples the study of the field dependence of the magnetic structure, the magnetic field was removed. Further studies were carried out on the temperature dependence of the magnetic structure of the studied compounds. As a result of field-cooling measurements, the sample is measured in "frozen" single domain state. The resulting scattering intensity is much higher than in the multidomain HM ground state.

despite the fact that the information about the pure ground state is lost, this procedure made it possible to determine T C with greater accuracy and unambiguously determine the presence or absence of helical magnetic ordering for all the studied compounds.

Measurement results and theoretical analysis

Crystal structure. Investigating the crystal structure of the samples by X-ray diffraction, we found that all the Fe 1-x Rh x Ge compounds crystallize into 180 the B20 cubic structure. However, the diffraction peaks corresponding to the B20 structure split in the Rh concentration range from x = 0.25 to x = 0.9 (Fig. 1b).

This splitting can be described by two shifted Ab initio simulations. Our ab initio computations were made within density functional theory (DFT).

We used the projector-augmented-wave (PAW)

pseudopotential method [START_REF] Blöchl | Projector augmented-wave method[END_REF] as implemented in the VASP package [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a planewave basis set[END_REF], with the PBE-GGA version [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] of the exchange-correlation potential. The It is worth noting that, due to the chemical inhomogeneity (replacement of Fe with Rh), the P 2 1 3 symmetry in the calculations is violated, thus formally the lattice becomes actually triclinic and, strictly speaking, does not belong to the B20 type.

However, this symmetry-breaking distortion from B20 is quite small and only visible as a very For pure FeGe, the calculation yields a moment of ∼ 1 µ B /Fe, which compares well with the experiments and previous calculations [START_REF] Kamaeva | Structural and thermal stability of b20-type highpressure phases fege and mnge[END_REF][START_REF] Wilhelm | Precursor phenomena at the magnetic ordering of the cubic helimagnet fege[END_REF][START_REF] Yamada | Electronic structure and magnetism of fege with b20-type structure[END_REF][START_REF] Neef | Ab initio study of pressure-induced metal-insulator transition in cubic fege[END_REF].

The FM state in both structures is lower in energy (by < 0.04 eV/atom) than the PM state.

The cell magnetization is localized mostly at iron atoms and increases with their number. The magnetic moments at Ge atoms are small in magnitude (< 0.07 µ B ) and antiparallel to the iron moments. The moments induced on the Rh sites are even smaller (< 0.03 µ B ). Such magnetic arrangement is similar to that of Mn 1-x Rh x Ge, which was calculated and confirmed by the XMCD measurements in our paper [START_REF] Sidorov | Magnetic, electronic, and transport properties of the high-pressure-synthesized chiral magnets mn 1-x rhxGe[END_REF]. For comparison, we also present in Fig. 2 the experimental data [START_REF] Grigoriev | Tsvyashchenko, Flip of spin helix chirality and ferromagnetic state in fe 1-x coxGe compounds[END_REF] for the isostructural and isoelectronic system Fe 1-x Co x Ge exhibiting analogous spin spiral.

Both concentration dependences look very similar for FeGe doped with the isovalent 4d-Rh or 3d-Co. In our previous comparative study [START_REF] Chtchelkatchev | Theoretical and experimental study of high-pressure synthesized b20-type compounds mn1x(co,rh)xge[END_REF] of MnGe doped with Rh/Co, a small systematic excess of the calculated magnetization values over the measured ones was ascribed to the noncollinearity of experimental magnetic arrangement. Phase 2 has a higher cell magnetization and iron moment.

For example, the iron moment in x increase at 0.5 ≤ x ≤ 0.6 (Fig. 3). The relatively small value of calculated DM constant in the region of x > 0.6 indicates a possible ferromagnetic structure of RhGe-based compounds according to [START_REF] Grigoriev | From spiral to ferromagnetic structure in b20 compounds: Role of cubic anisotropy[END_REF].

Magnetic properties.

In order to verify the theoretical predictions the magnetometry and SANS 320 measurements were performed. Fig. 4 shows the results of magnetometry and the temperature dependencies of the magnetic susceptibility (χ) of As can be seen from the obtained experimental data it is possible to determine two critical temperatures of the magnetic transition for samples with

x > 0.2, namely, T c1 , defined as the point of intersection between linear behaviours at low and high wave-vector value (Fig. 5a-d). A further increase of Rh concentration leads to the disappearance of the signal from helical structure and only diffuse scattering remains (Fig. 5e). With further substitution of Fe atoms by Rh up to x = 0.7, the reflections ap-355 pear again (Fig. 5f). Further x increase leads to a decrease of the helical wave-vector value (Fig. 5g).

The neutron scattering intensity was averaged over the azimuthal angle. The value of the helical wave vector k s was determined from the neutron 

Q x (nm -1 )
Q y (nm -1 ) 0,1 0 0 0,1

Q x (nm -1 ) Q x (nm -1 ) x = 0.7 Q y (nm -1 ) 0,1 0 0 0,1 Q x (nm -1 )
x = 0.9 scattering profile as the value of the momentum transfer corresponding to the maximum neutron scattering intensity. Fig. 6 shows the x-dependence of the helix wave-vector value k s . It can be seen that at concentrations 0 ≤ x ≤ 0.4, the wave-vector value decreases with x from k s = 0.09±0.005 nm -1 at x = 0, i.e., for pure FeGe [START_REF] Lebech | Magnetic structures of cubic FeGe studied by small-angle neutron 565 scattering[END_REF][START_REF] Grigoriev | Chiral properties 635 of structure and magnetism in mn 1-x fexGe compounds: When the left and the right are fighting, who wins?[END_REF]. For compound with x = 0.5 the scattering from the helical structure is hidden within the resolution of the SANS instrument, defined by the size of the beamstop, k s < 0.05. However the tipical behaviour of the intensity with external magnetic field was observed for this compound and will be discussed below. For the Fe 0.4 Rh 0.6 Ge compound, the scattering from the helical structure is absent. This indicates the transition of the studied magnetic system to the ferromagnetic state. Since the wave-vector value k s is small and evolves monotonically with x within the range 0 ≤ x ≤ 0.5, it can be argued that the helical structure of these compounds is satisfactorily de-380 scribed by the model developed for FeGe [START_REF] Bak | Theory of helical magnetic structures and phase transitions in MnSi and FeGe[END_REF]. A similar vanishing of the wave vector for intermediate concentrations was found earlier for Fe 1-x Mn x Ge and Fe 1-x Co x Ge compounds [START_REF] Grigoriev | Chiral properties 635 of structure and magnetism in mn 1-x fexGe compounds: When the left and the right are fighting, who wins?[END_REF][START_REF] Grigoriev | Tsvyashchenko, Flip of spin helix chirality and ferromagnetic state in fe 1-x coxGe compounds[END_REF]. This phenomenon was interpreted as a flip of the magnetic 385 chirality with x and later confirmed by calculations [START_REF] Koretsune | Control of dzyaloshinskii-moriya interaction in mn1-xfexge: a first-principles s[END_REF][START_REF] Chen | Tunable 765 magnetic helicity in mn1-xfexge: A monte carlo simulation[END_REF][START_REF] Kikuchi | Dzyaloshinskii-moriya interaction as a consequence of a doppler shift due to spin-orbit-induced intrinsic spin current[END_REF]. Analysis of the DM constant for the series of compounds studied in this work also satisfactorily describes the behaviour of the wave vector of the magnetic helix over the entire range -0.6 (Fig. 3) suggests the reversal of the magnetic chirality in these compounds. A further increase in the Rh concentration leads to a sharp increase, for 395 x = 0.7, and then again a decrease, for x = 0.9, of the wave-vector value (Fig. 6), which corresponds to the theoretical estimation of the DM constant (Fig. 3). Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m Hc1m
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Fe 1 -x

 1 Rh x Ge was not studied yet. The evolution of the magnetic structure of FeGe with Rh replacement of the magnetic atoms may lead to a nontrivial behaviour of the magnetic system and 105 confirm the assumptions on the nature of helical ordering in B20 solid solutions. In particular, the nature of the magnetic system of RhGe and its possible applications is still to be revealed. This work is devoted to the study of struc-110 tural and magnetic properties of Fe 1-x Rh x Ge compounds with x = 0.0 -1.0. The evolution of physical characteristics with Rh replacement of Fe is followed. By means of theoretical and experimental methods. In particular, X-ray powder diffraction, small-angle neutron scattering (SANS) and magnetometry experiments have been performed. The split of the magnetic and crystallographic states in Fe 1-x Rh x Ge was found. This result is qualitatively confirmed by the density functional theory.

  120

155 were first cooled to 5 KFigure 1

 51 Figure 1: a: X-ray powder diffraction pattern of Fe 1-x RhxGe at x = 0.5; b: Lattice constants versus Rh concentration in Fe 1-x RhxGe. The green dot is the lattice constant for RhGe, the purple dot is the lattice constant for FeGe. The inset shows the mass fraction of each of the two phases as a function of the Rh concentration.

185peaks(

  Fig. 1a). In this case, no additional peaks were observed, which indicates the existence of identical isostructural phases with close cell parameters. The ratio of the intensities of the split peaks depends on x pointing out the x-dependence of the 190 volume fraction of each phase. The splitting of the peaks stays almost constant with x. X-ray patterns at x = 0.0 -1.0 can be fully described us-ing a two-phase model with a B20 type structure (Fig. 1b). At x = 0.0 -0.2, as well as 1.0, only one phase is observed (see inset in Fig. 1b). At x = 0.8, the fractions of the phases are equal. It should be noted that the lattice constants of the corresponding phases are extrapolated to the lattice constants for the binary compounds FeGe (at x = 0.0) and RhGe (at x = 1.0). Such stratification can indicate two different scenarios: either structural splitting occurs within one crystallite, i.e., the coexistence of two isostructural phases is observed, or it is a consequence of the crystallization of compounds with close values of Rh (Fe) concentrations, i.e. the existence of crystallites with different cell parameters is observed. However, the second scenario does not allow to explain the monotonic evolution of the volume fractions of different phases with x.

  calculations were converged with a plane-wave cutoff of 350 eV and a reciprocal-space resolution of ∼ 0.1 Å-1 for k-point grids. The calculations of the partially disordered solid solutions Fe 1-x Rh x Ge were done at x = 1/4, 1/2, and 3/4, by replacing the due number of equivalent Fe atoms in the cubic B20 cell with Rh atoms.

Figure 2 :

 2 Figure 2: The calculated spin moments of phases 1 and 2 as functions of concentration x. (dashed pink curves). The experimental results [16] for the isostructural and isovalent system Fe 1-x CoxGe are presented for comparison (full blue curve).

230Fig. 4 )

 4 Fig.4) are significantly longer than the unit-cell size (∼ 5 Å). Thus, in calculations we do not distinguish a spin spiral and a FM state (infinite-period spiral). Fig.2shows that the concentration dependence of evaluated magnetic moment per formula unit Fe 1-x Rh x Ge is different for phases 1 and 2.

Figure 3 :

 3 Figure 3: The estimated value of DM interaction in the Fe 1-x RhxGe compounds.

FeRhGe 2 is equal to 1 .

 1 37 µ B and 1.60 µ B for phases 1 and 2, respec-285 tively. The two phases also have different density of electronic states near the Fermi energy, which governs, in particular, the magnetic properties of metals. Since the experimental values of crystallographic 290 parameters were used in our calculations, the resulting external pressures felt by the two phases are non-zero. Their difference is of about 2 GPa, with phase 2 being more non-equilibrium. Thus, qualitatively, we have a model situation of two coexisting 295 isostructural phases with the same Rh content x and different magnetic properties. This might indicate that the observed structural split occurs within a single crystallite and is not a consequence of the crystallization of compounds with close values of 300 the Rh(Fe) concentration.A real sample is evidently characterized by imperfections such as defects, chemical disorder and residual microstresses, typical of non-equilibrium phases synthesized under high pressure. As is known, parameters of the Dzyaloshinskii-Moriya interaction, which determine the presence and period of magnetic spiral, are highly sensitive even to very small mechanical deformations. The theoretical analysis and ab initio calculations confirm this 310 assumption. The theoretical analysis also a change in the sign of the DM interaction similar to that observed in Fe 1-x Mn x Ge[START_REF] Koretsune | Control of dzyaloshinskii-moriya interaction in mn1-xfexge: a first-principles s[END_REF]. This predicts the flip of the spin helix chirality in Fe 1-x Rh x Ge with
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 14 Figure 4: Temperature dependence of magnetic susceptibility for Fe 1-x RhxGe. The inset shows the concentration dependence of the critical temperatures in Fe 1-x RhxGe.
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  temperature regions and, T c2 , defined as the temperature at which the susceptibility is maximum.The x dependence of the critical temperatures T c1 and T c2 , obtained as a result of the magnetometry measurements, is shown in the inset in Fig.4(black 335 and red dots ). SANS measurements were carried out in order to determine the type of the magnetic structure of the compounds. The SANS patterns obtained for the samples of Fe 1-x Rh x Ge at T = 5 K in a 340 zero external magnetic field after the application of an external magnetic field above H C2 are presented in Fig. 5. As it is shown in Fig. 5a two Bragg reflections are observed on both sides of the direct beam for Fe 0.9 Rh 0.1 Ge, which corresponds 345 to a single-domain helical structure. The additional reflections observed in Fig. 5a,b,c correspond to the double scattering on highly ordered helical structure. With x increase, the reflections shift towards each other, which indicates a decrease of the helix 350

Figure 5 :

 5 Figure 5: SANS intensity maps obtained on Fe 1-x RhxGe samples, obtained at a temperature of 5 K in a zero external magnetic field after the application of an external magnetic field.

Figure 6 :

 6 Figure 6: Dependence of the helix wave vector ks on the concentration x for Fe 1-x RhxGe compounds at T = 5 K

Figure 7 : 8 430

 78 Figure 7: Evolution of the magnetic structure of Fe 0.9 Rh 0.1 Ge with increasing external magnetic field at T = 5 K. An example of integration is shown using the red sector on the SANS map obtained at T = 5 K, in the inset.
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 189 Figure 8: Dependence of the critical fields H c1 , H c1m and H c2 on the concentration x for Fe 1-x RhxGe compounds.
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