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Introduction

The study of quantum critical effects and more generally of the physical properties of "strange metals" are currently of high interest in condensed-matter physics [1][2][3]. In rare-earth based intermetallics, heavy-fermion behaviors and quantum criticality are mainly investigated in materials where Ce or Yb are alloyed with non-magnetic elements [4,5]. Quantum critical effects are then generally perceived at low temperature near the magnetic instability of almost trivalent 4f element.

Recently, we showed that the situation is somewhat different in YbMn6Ge6-xSnx where intermediate valent Yb is alloyed with a ferromagnetic Mn sublattice [6][7][8][9][10]. In this series of compounds, the Yb magnetic ordering temperature reaches record values up to TYb = 125 K [6,9], the Yb magnetic instability occurs for far from trivalent Yb (υ ~ 2.73) and signatures of quantum criticality persists up to room temperature [10]. These unusual phenomena have been ascribed to the strong Mn-Yb exchange interactions [7][8][9][10], i.e. to the strong exchange field Hex [11] generated at the Yb site by the neighboring Mn moments.

In 1:6:6 phases, Fe is known to promote antiferromagnetic interlayer exchange interactions [12,13]. To better delineate the role of Hex, we aim at investigating the effect of Fe doping in YbMn6Ge6-xSnx and the ensuing expected reduction of Hex. We started by investigating the effect of Fe doping in YbMn6Sn6, where intermediate valent Yb (υ ~ 2.59) is non-magnetic [14], for an understanding of the influence of Fe doping on the magnetism of the 3d sublattice and Yb valence state without the complications due to Yb magnetic ordering, In a previous paper [15], we determined the crystal and magnetic properties of YbMn6-yFeySn6.

Most of the RMn6Sn6 compounds crystallize in the hexagonal HfFe6Ge6 type structure (P6/mmm, ah, ch). In this crystal structure, the Mn kagomé planes define an array of edge-sharing hexagonal prisms, half of which being centered by R atoms. The Sn atoms occupy the remaining hexagonal prisms in form of dumbbells and center the trigonal prisms formed by two kagomé planes. The YbMn6-yFeySn6 alloys were found to adopt the orthorhombic HoFe6Sn6-type of structure, based on the orthohexagonal cell (Immm, a = ah, b = ch, c = 3√3ah [16]), where part of the Yb-filled hexagonal prisms are shifted in an orderly fashion of b/2 = ch/2 from their ideal position (Fig. 1). As a result, some Yb-filled hexagonal prisms are only corner-sharing and the kagomé layers are slightly corrugated. In YbMn6-yFeySn6, the cell volume shrinks upon Fe doping as ∆𝑉 𝑉 ~ 0.144∆𝑦 [15]. In YbMn6Sn6, the Mn sublattice is purely ferromagnetic with TC ~ 300 K [17]. The partial substitution of Fe for Mn has little influence on the ordering temperature but yields the appearance of an antiferromagnetic-like phase at low temperature [15]. The latter develops upon Fe doping to cover almost the entire ordered temperature range for y = 1.00.

In the present work, we complete our former study on YbMn6-yFeySn6 (y ≤ 1.00) [15] using powder neutron diffraction as well as X-ray Near Edge Spectroscopy (XANES) and X-ray Magnetic Circular Dichroism (XMCD) measurements at the Yb L3 edge. This work is organized as follows.

Section 2 deals with experimental details. In section 3 we present the experimental results, which are discussed in section 4 before a short conclusion.

Synthesis and Experimental details

The samples investigated here are those used in Ref. [15] where details about the synthesis procedure can be found. They are almost single-phase with low level (< 5 wt. %) of well identified impurities: Yb2O3, β-Sn and MnSn2.

The X-ray Absorption Near Edge Structure (XANES) and X-ray Magnetic Circular Dichroism (XMCD) at the Yb L3 edge were carried out at the ODE beamline of the SOLEIL synchrotron (Saint-Aubin, France) [18]. Absorption spectra were recorded with dispersive mode at 300 K and 5 K in a He circulating cryostat using a position sensitive CCD detector. Cu foil absorption spectrum was needed to correlate position (pixels) and energy (eV). The Yb valence was extracted from the XANES spectra as described in Ref. [14]. The XMCD spectra were obtained at 5 K as the difference of the XANES intensities recorded under an applied field of ~1.3 T aligned parallel and antiparallel to the beam while keeping constant the beam helicity.

Powder neutron diffraction experiments were performed at the Institut Laue Langevin (Grenoble, France) using the high-intensity two-axis diffractometer D1B (λ = 2.52 Å, step of 0.1°). Long duration patterns were recorded at 2 K and 310 K. Rapid thermal scans were carried out between these two temperatures. The data were analyzed using the Rietveld method with the Fullprof program [19].

The shape of the diffraction peaks was fitted using a pseudo-Voigt function. Besides the peak profile parameters, the refinements comprised scale factor, zero shift, cell parameters, crystallographic position parameters and the Mn/Fe occupancy. In the magnetically ordered state, the magnitude and orientation of the moments were treated as additional free parameters. The nuclear contribution from the impurities were taken into account. The overall temperature factor Bov was fixed to 1.0 and 0.1 Å 2 at 310 K and 2 K, respectively. The Rwp and Re Rietveld agreement factors used here correspond, respectively, to the weight profile and expected factors [20] while Rn and Rm are the Bragg agreement factors calculated for, respectively, the nuclear and magnetic contributions to the diffraction pattern.

Experimental results (and discussion)

XANES and XMCD

The Yb L3 edge XANES measurements were used to investigate the average Yb valence. The spectra recorded at 300 K (in the paramagnetic state) and at 5 K are shown in Fig. 2. They consists of a main structure near 8.948 keV and a shoulder near 8.940 keV that correspond, respectively, to transitions from the initial Yb intermediate valent state to the final states of mainly 2p 5 4f 13 (trivalent) and 2p 5 4f 14 (divalent) character. The spectra are thus indicative of Yb being in an intermediate valence state. The spectra were fitted using two pseudo-Voigt functions for the two structures and two arctangent-type step functions due to the 2p3/2 → continuum transitions. The weight of each valence configuration (4f 13 and 4f 14 ) in the initial valence state is proportional to the peaks surface area S3 and S2. The mean Yb valence was derived from (2S2+3S3)/(S2+S3). The estimated accuracy on the Yb valence is ± 0.02. Upon Fe doping, there is a spectral weight transfer from the trivalent component towards the divalent one at both temperatures. The Fe for Mn substitution may a priori alter the Yb valence via three mechanisms: change in chemical pressure due to lattice contraction, modification of the electronic structure and variation of the exchange field. The extracted mean Yb valence values are plotted as a function of ythe Fe contentin the inset of Fig. 2. The Yb valences are found to lie in the 2.46 < υ < 2.66 range, a littler lower than those inferred from cell volumes [15], and decrease upon increasing the iron content. At 300 K, the alloys are in the paramagnetic state where only a residual exchange field might persist due to local effects. Hence, the Yb valence variation at 300 K arises predominantly from the chemical pressure effect and change in the band structure. Since the Yb valence decreases despite the lattice shrinkage, it can be concluded that the Yb valence change upon Fe doping is dominated by electronic structure modifications. The low-temperature Yb valence values at 5 K in the magnetically ordered state, follows the same trend with little higher valence values. That is further discussed in section 4. In all cases, the mean Yb valence is lower than the 'magnetic limit' value of υ ~ 2.73 found in YbMn6Ge6-xSnx below which Yb is no longer magnetic [9,10].

The Yb L3 edge XMCD experiments were carried out at 5 K to gain information on the local magnetism of Yb. Sum rules do not apply to the L3 edge of rare-earths so that only qualitative information can be extracted [START_REF] Beaurepaire | Magnetism and Synchrotron Radiation[END_REF]. The XMCD spectra are shown in Fig. 3. They confirm the lack of Yb 4f magnetism inferred from magnetization data [15]. The spectra only comprise a weak and negative signal near E ~ 8.950 keV, which is due to spin-dependent hybridization between the 5d states of Yb and the self-polarized 3d states of the T = Mn/Fe transition metal sublattice [START_REF] Fukui | [END_REF]. In presence of 4f magnetism, the spectra would in addition comprise two more intense peaks of opposite sign: a positive one of dipolar origin and a negative one from quadrupolar origin near E ~ 8.937 keV [10]. The weak negative signal decreases in magnitude upon Fe doping, suggesting a reduction in the polarization of the 5d states of Yb by the T sublattice.

Neutron diffraction

The neutron patterns recorded in the paramagnetic state at 310 K comprise only diffraction peaks originating from the HoFe6Sn6-type phase and tiny peaks arising from the impurities whose nuclear contribution was taken into account during the refinements (Fig. 4a). To avoid a too large number of intensity dependent parameters, only the y-component of the T 4h, 8l and 16o sites as well as that of Sn 4g and 8l were let free to vary. The other coordinates were kept fixed to their values deduced from the atomic positions in the hexagonal subcell. Further, the Fe atoms were assumed to distribute equally over the four available transition metal sites. This resulted in satisfactory fits that yield iron contents close to the nominal ones (Table 1). No supplementary line appears in the neutron diffraction patterns of the alloy with y = 0.25 upon cooling down to 2 K. Only weak intensity adds at the top of some nuclear peaks, in agreement with the pure ferromagnetic behavior observed from DC magnetization [15]. The best refinements were obtained considering no magnetic moment on Yb, as expected from the XMCD data, and ferromagnetic (010) kagomé T layers ferromagnetically coupled along the b axis, with the T moments lying in the (010) planes. At 2 K, the T = Mn/Fe moment magnitude refines to m = 2.40(3) µB, close to that found in the YbMn6Sn6 parent compound (m ~ 2.35 µB [17]).

Table 1

Main refined structural and magnetic parameters of YbMn6-yFeySn6 from neutron data. y = 0.25 y = 0.50 y = 0.75 y = 1.00 

310 K 2 K 310 K 2 K 310 K 2 K 310 K 2 K ySn8l 0.
(°) - - - -33(8) - -32(5) - -14(4) φ4 (°) - - - -15(8) - -15(5) - - 4) m (µB) - 2.40(3) - 2.28(3) - 2.36(2) - 2.28(2) φ1 (°) - - - -41(8) - -52(6) - -36(5) φ2 (°) - - - 12(8) - 11(5) - 5(4) φ3 
7.6,-6.5, 2.5 5.8, -6.5, 14.6 7.0, -3.7, 14.2 7.8, -4.4, 8.6

Rwp, Re (%) 8.9, 0.5 7.5, 0.4 8.4, 1.5 10.3, 1.4 7.8, 1.0 7.5, 0.7 9.6, 1.3 7.9, 1.2

The neutron patterns of the Fe richer alloys (y = 0.50, 0.75 and 1.00) evolve in a similar manner upon decreasing temperature. There is first a ferromagnetic region where magnetic intensity increases upon cooling on the top of some nuclear peaks. Then, this ferromagnetic intensity goes to zero and a new set of satellites appears below Tt ~ 120 K, ~ 215 K and ~ 270 K, respectively. This is reminiscent of the neutron patterns of the double flat spiral magnetic structure found in many Mn-based hexagonal HfFe6Ge6-type 1:6:6 compounds [6,14,23,24] where the orientation of the Mn moment mMn in the kagomé planes is given by: 𝐦 Mn = m Mn cos(𝐤. 𝐑 𝐧 + φ)𝐮 + m Mn sin(𝐤. 𝐑 𝐧 + φ)𝐯. Here, u and v are orthogonal basis vectors in the hexagonal plane, Rn is the position vector in the n th chemical cell and φ is the phase angle [25]. In YbMn6-yFeySn6, the set of satellites can be fully indexed using an incommensurate wave vector k = 0, qy, 0 (Fig. 4a). To best of our knowledge, incommensurate arrangements of the T magnetic moments have not yet been observed in 1:6:6 phases crystallizing with the HoFe6Sn6-type or with one other of the large cells described in [15]. The qy component increases with the Fe content and upon cooling (Fig. 5).

The refinements of the 2 K patterns were carried out with no magnetic moment on Yb, as observed from XMCD data. In all cases, the T magnetic moment of the various crystallographic sites were constrained to be of identical magnitude. First attempts to refine the low-temperature diffraction patterns were conducted using a unique phase shift between the T moments in the y ~ 0.25 and y ~ 0.75 layers, respectively. This resulted in unsatisfactory fits, notably because the calculated intensity for the (011) -and (011) + satellites is then significantly too low. For these incommensurate peaks to have a strong enough intensity, it is necessary to introduce phase shifts between the T moments within a given y ~ 0.25 (or y ~ 0.75) deformed kagomé plane.

The T moments with identical phase angle were grouped based on crystal-chemistry considerations. In helimagnetic HfFe6Ge6-type RMn6Sn6 compounds, the rotation of the Mn moments is larger through the Mn-(R,Sn)-Mn slabs of R-filled prisms than through the Mn-Sn-Mn slabs. The orthorhombic HoFe6Sn6-type structure of YbMn6-yFeySn6 can also be described as a stacking of H blocs (related to the HfFe6Ge6 cell) and S blocs (related to the ScFe6Ga6 cell [26]) with the following sequence H-S-H-H-S-H (see Fig. 1) [15]. In the H blocs, the Yb-filled prisms are edge-sharing while they are those in 8k position) were taken as the phase origin. Four different phase angles were chosen for the moments on the three remaining T sites (16o, 8l and 4h). Two phase angles (φ1 and φ3) for, respectively, the T moments in the y ~ 0.25 and y ~ 0.75 hexagonal layers of the filled-prisms with Yb in y = 0. Two other phase angles (φ2 and φ4) for the shifted hexagonal prisms surrounding Yb in y = ½ (Fig. 4b).

The refinements carried out under this assumption resulted in quite satisfactory fits, keeping in mind the low signal/noise ratio of the magnetic satellites, with magnetic R-factors Rm in the 8-15 % range. The main refined magnetic parameters are given in Table 1. For the three richest Fe alloys, the T moment is found close to ~ 2.30 µB. The corresponding magnetic structure is depicted in Fig. 4b. The rotation angles can be calculated from the refined y-coordinates, qy and phase shifts values. An important consequence of introducing phase shifts for T moments with close y coordinate is that the moments within a given corrugated kagomé plane are no longer collinear and can make an angle up to ~ 60 ° for T atoms pertaining to two non-contiguous H blocs. To best of our knowledge, this is the first time that non-collinear arrangement of the magnetic moments are observed in the kagomé plane of 1:6:6 compounds. Due to the phase shifts introduced to refine the neutron data, the body-centered symmetry is lost and each of the two Yb site splits into two magnetic sub-sites. The Yb 2a position splits into Yb1 (0, 0, 0) and Yb2 (1/2, 1/2, 1/2) while Yb 4j splits into Yb3 (1/2, 0, ± 0.16) and Yb4 (0, 1/2, ± 0.33). The mean χi turn-angle (i = 1, 2, 3 or 4) through Yb filled hexagonal prisms increases upon Fe doping to reach χ ~ 80 ° in the alloy with y = 1.00 (Fig. 6). The mean βi rotation angles through Sn-filled hexagonal prisms -related to the Yb-filled ones by a shift of b/2 -are approximately given by βi ≈ 360.qy -χi.

Hence, as in HfFe6Ge6-type RMn6Sn6 helimagnets, βi is lower than χi and does not exceed β ~ 35 °. moment on Yb. High temperature signatures of quantum criticality is one of the singular physical behaviors that have already been evidenced in this family of alloys [10]. In YbMn6-yFeySn6, the Yb magnetic instability and the corresponding quantum critical point could be crossed by using external pressure or by Ge doping. The temperature extent of the quantum critical effects is expected to reduce with the exchange field.

Discussion and conclusion

Fig. 1 .

 1 Fig. 1. (color online) (a) HfFe6Ge6-type of structure (P6/mmm) of most RMn6Sn6 compounds and (b) HoFe6Sn6-type of structure (Immm) of YbMn6-yFeySn6. The perfect kagomé planes of T atoms in HfFe6Ge6 are slightly corrugated in HoFe6Sn6. In both cases, the R atoms occupy the center of half the hexagonal prisms of T atoms; the other half contains only Sn atoms. The hexagonal structure can be described as an alternative staking of Mn-(R,Sn)-Mn and Mn-Sn-Mn slabs. The orthorhombic cell can be viewed as intergrowth of HfFe6Ge6 (H) and ScFe6Ga6 (S) blocs.

Fig. 2 .

 2 Fig. 2. (color online) Yb L3 XANES spectra of YbMn6-yFeySn6 (y = 0.25, 0.50, 0.75, 1.00) at 300 K and 5 K. The inset shows the composition dependence of the fitted Yb valence.

Fig. 3 .

 3 Fig. 3. (color online) Yb L3 XMCD spectra of YbMn6-yFeySn6 (y = 0.25, 0.50, 0.75, 1.00) at 5 K

Fig. 4 .

 4 Fig. 4. (color online) (a) Neutron diffraction patterns of YbMn5.25Fe0.75Sn6 at 310 K and 2 K. The angular region around 2θ ~ 72° was excluded from the refinements due to contributions from the cryostat. (b) Schematic representation of the low-temperature helimagnetic structure of YbMn6-yFeySn6 (y = 0.50, 0.75, 1.00). For the sake of clarity, the Sn atoms are not shown and the different groups of T atoms with identical phase are represented using different colors (φ1: purple, φ3: green, φ2: blue, φ4: red; see text). The T atoms in 8k position, taken as the phase origin, are drawn in white.

Fig. 5 .

 5 Fig. 5. (color online) Temperature dependence of the qy component of the wave vector of the helimagnetic structure of YbMn6-yFeySn6. The inset shows the composition dependence at 2 K

Fig. 6 .

 6 Fig. 6. (color online) Composition dependence of the mean χi angles between Mn moments of two hexagonal planes surrounding Yb atoms at 2 K.
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We have investigated the Yb valence and local magnetism as well as the magnetic structures in the YbMn6-yFeySn6 series by means of X-ray absorption techniques (XANES and XMCD) at the Yb L3 edge and neutron diffraction experiments.

The Fe for Mn substitution leads to a reduction of the Yb valence. This reduction is perceptible at both 300 K (in the paramagnetic state) and 5 K. Consequently, the decrease of the Yb valence cannot be mainly driven by modifications in the T = Mn/Fe magnetic arrangement. The Yb valence change is opposite to that expected from the chemical pressure increase due to lattice contraction. This suggests the Yb valence change to be of electronic origin, as observed for instance in YbCu5-xGax [27].

The Yb valence reduction (at most Δυ ~ 0.2) does not compensate for the increase of valence electrons due to Fe for Mn substitution. Thus, the valence electron concentration increases upon Fe doping, which very likely drives the reinforcement of the antiferromagnetic exchange interactions, as generally observed in 1:6:6 systems. The y = 0.25 alloy keeps the ferromagnetism of the ternary YbMn6Sn6 parent compound, while a helimagnetic ground state with k = 0, qy, 0 is stabilized in the Fe richer alloys. To refine the neutron data it was necessary to introduce a phase shift between T = Mn/Fe moments pertaining to the same deformed kagomé plane. This leads to strongly non-collinear alignment of the T moments in a given kagomé plane, which, to the best of our knowledge, had never yet been observed in 1:6:6 systems where the magnetic structures have always been found to be built from ferromagnetic kagomé layers. The rise of antiferromagnetism upon Fe doping also manifests through an enlargement of the temperature range of the helimagnetic state and through an increase of the turn-angle.

Further, the higher turn-angle through Yb-filled hexagonal prisms suggests that Yb has a local influence on the exchange couplings. It could be involved in a sort of superexchange interlayer interaction, absent in the Sn-filled hexagonal prisms.

The increase of the turn-angle upon Fe doping yields a reduction of the hybridization induced 5d moment on Yb, i.e. a reduction of the exchange field generated by the T sublattice that is expected to be proportional to cos 𝜒 2 . This manifests through the reduction of the dichroic effect at the Yb L3 edge upon Fe doping (Fig. 3). In Ref. [7], it has been proposed, based on a toy model, that the exchange field due to Mn sublattice may promote trivalency of Yb in YbMn6Ge6-xSnx. Although the limited accuracy of the extracted Yb valence values (± 0.02) does not allow us to draw firm conclusion, we note that the room-temperature paramagnetic state Yb valence values are lower than the 5 K values, temperature at which the exchange field is clearly non-zero. This unusual thermal dependence of the Yb valence, at odds to the usual behavior [28], has also been observed in YbMn6Ge6-xSnx [7,8] and in Yb0.88Fe4Sb12 [29]. Further, the Yb valence increase on cooling appears a little more marked for the ferromagnetic y = 0.25 alloy with higher Hex than in the helimagnets.

Our work shows again the strong interplay between 3d magnetism and the electronic properties of Yb in the YbMn6Ge6-xSnx alloys and their derivatives. In YbMn6-yFeySn6, the Fe for Mn substitution leads to modification of the electronic structure of the alloys such that the Yb valence decrease. It also promotes antiferromagnetic interactions within the 3d sublattice that lower the hybridization induced 5d