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Single crystals of the non-stoichiometric YbMn-q.17Si-1g9 intermetallic compound were investigated by room-temperature x-
ray diffraction as well as by temperature and pressure dependent x-ray absorption experiments at the Yb Lz edge. The crystal
structure can be described in the orthorhombic space group Cmcm or in the non-centrosymmetric P2; monoclinic space group.
In both cases, the cell comprises two Yb sites of identical multiplicity with close coordination numbers and interatomic
distances. The average Yb valence is found independent of temperature vay ~ 2.42. Such a low Yb valence is hardly compatible
with the occurrence of local magnetism on Yb inferred from a previous study. The pressure dependence of the Yb valence at
10 K does not reveal any first-order transition. The average Yb valence increases continuously under pressure but remains far

from trivalency (vay ~2.63) even under the highest external pressure used of 37 GPa.

I. INTRODUCTION

In intermetallics, ytterbium, as a few other rare-earth elements with unstable 4f shell like cerium or europium, may present
a wealth of physical behaviors such as homogeneous intermediate valency, heavy-fermions, non-Fermi-liquid and quantum
criticality.! They result from the close proximity of two electronic configurations (4f'* and 4f' for Yb) and the hybridization
between the localized 4f states and the conduction electrons. In most cases, Yb is alloyed with non-magnetic elements. As
proposed by Doniach,? the physics of such systems can be understood as arising from the competition between the Ruderman-
Kittel-Kasuya-Yosida (RKKY) exchange interaction and the Kondo screening of the 4f moments with characteristic
temperature Trkky and Tk, respectively. Both interactions depend on the 4f-conduction electron hybridization but in a different
manner such that the ground state can be altered thanks to a control parameter like chemical composition, external pressure or
magnetic field. In the case of Yb, high pressure favors the trivalent (4f3) weakly hybridized state of lower atomic volume. The
Yb sublattice may then magnetically orders but with an ordering temperature that rarely exceeds 5 K.234 The Yb magnetic

moment is often reduced compare to the free ion value due to Kondo screening.t® For lower pressure (i.e. stronger

1963-2022

2 Author to whom correspondence should be addressed. Electronic mail: thomas.mazet@univ-lorraine.fr.



hybridization), the Kondo temperature Tx dominates the RKKY temperature, Yb is then in a non-magnetic intermediate valent

state (2 <v <3).

At absolute zero temperature, the point delineating the two ground states is a Quantum Critical Point (QCP).! It generally
occurs for weakly hybridized nearly trivalent Yb (v ~ 3). Some 4f quantum critical materials deviate from this behavior, with
the QCP sometimes completely detached to the 4f magnetic instability, and are said to be unconventional.>¢ They have been
analyzed using, for instance, Kondo breakdown’ or critical valence fluctuations theories®. In the vicinity of a QCP, the finite
temperature properties of the system are modified and may reveal, for instance, deviations from the Fermi-liquid behavior or

unconventional superconductivity.*

Intermetallics associating intermediate valent Yb with a magnetic 3d element (mainly Fe or Mn) are still scarcely studied.®-
14 The interplay between unstable 4f shell and magnetic 3d electrons may lead to new and intriguing phenomena. In particular,
it has been shown that in YbMngGes.xSny, though the Yb physics still obeys a Doniach-like picture,'® the strong Mn-Yb
interaction yields high temperature magnetic ordering of Yb (up to ~ 125 K),'® unusual thermal dependence of the Yb

valence!™2 and high-temperature quantum critical effects deep inside the intermediate valent regime (v ~ 2.77).

In the search for other intermetallic systems involving Yb and a magnetic 3d element with potentially rich phenomena to
explore, the published data on the non-stoichiometric YbMn-o17Si-1.8s compound caught our attention.*® This phase, whose
crystal structure is still a matter of debate,'>® magnetically orders at ~ 4.5 K. The authors suggested that Yb carrying a local
moment could explained the low-field negative magnetization observed below this temperature.’®> At higher temperature, the
Curie-Weiss law shows a change of slope near ~ 200 K, which has been tentatively interpreted as being due to an Yb valence

change. Finally, specific heat measurements point to a heavy-fermion material and non-Femi-liquid behavior.

In the present paper, we reinvestigate the crystal structure of this non-stoichiometric phase from single-crystal x-ray
diffraction and investigate the temperature and pressure dependence of the Yb valence from x-ray absorption spectroscopy
measurements at the Yb L3 edge. External pressure is a clean parameter to vary the 4f - conduction electron hybridization and

to access new ground states.17:18

Il. EXPERIMENTAL DETAILS
Single crystals of YbMn17Si-1g9 were grown by the flux method using In as a flux. The first stage consisted in loading
the constituting elements (9 mmol of Yb, 6 mmol of Mn, 18 mmol of Si, and 135 mmol of In) in a fused silica tube, which was

sealed under a pressure of 0.2 bar of pure argon. The silica ampoule was subsequently placed into a resistive vertical furnace
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for melting. The reactants were heated up to 1273 K at a rate of 97.5 K/h and kept at this temperature for 5 h in order to promote
proper homogenization. Then the temperature was reduced down to 1123 K at a rate of 75 K/h, and maintained there for 48 h.
Finally, the system was slowly cooled down to 323 K during 48 h. The In flux was isolated from the reaction product by heating

up to 623 K, followed by a subsequent centrifugation. Using this method, several single crystals of ~ 0.1 mm?® were obtained.

Single crystal x-ray diffraction data were collected on a Bruker DUO-APEX2 CDD area detector diffractometer at 300 K
using a Mo K, radiation (A =0.71073 A). Data reduction was accomplished using SAINT V8.34a.'° The substantial redundancy
in data allowed a semiempirical absorption correction (SADABS 2012-1)% to be applied, based on multiple measurements of
equivalent reflections. The structure was solved by the intrinsic phasing method from SHELXT program,? developed by
successive difference Fourier syntheses, and refined by full matrix least squares on all F? data using SHELX via Olex2
interface.?

X-ray Absorption measurements at the Yb Lz edge were performed at the ODE beamline of the SOLEIL synchrotron
(Saint-Aubin).?® Absorption spectra were recorded with dispersive mode at ambient pressure between 300 and 10 K in a He
circulating cryostat using a position sensitive CCD detector. Absorption spectra were also collected at 10 K under external
pressure up to ~ 37 GPa in a diamond anvil cell with silicon oil as pressure transmitting medium. The pressure was determined

using the shift of the ruby R1 fluorescence line.?* The spectra have been normalized to a step-edge of unity.

[ll. RESULTS AND DISCUSSION

A. X-ray diffraction

The crystal structure of the titled compound was previously refined and described by two groups. The original refinement
by Norlidah et al.'® revealed an orthorhombic lattice (SG Cmcm) while in 2013 Peter et al.’® refined the structure in the
monaclinic lattice with a non-centrosymmetric space group (P21). The purpose of the latter authors to use a lower symmetry
was to avoid some short interatomic distances and large anisotropic displacements (especially for Si3 atoms, located on a 16(h)
position and deviated from a 4(c) site) resulting from the Norlidah et al. analysis. Here,we refined the same set of data in both
lattices. The refined crystal parameters of the compound are given in Table I. Both refinements yielded identical chemical
composition YbMn-17Si-189 (see Tables 1l and IllI). Information about anisotropic displacement parameters and main
interatomic distances can be found in the supplementary material for both lattices (Tables S1 to S4). The structure can be
described as stacking of three blocks of AIB, separated by one BaAls block along the b axis as presented in figure 1 in the

orthorhombic lattice (see figures S1 and S2 for representation in the monoclinic one).

3



TABLE |. Crystal data and structure refinement for YbMn-0.17Si-1.89

Orthorhombic lattice

Monoclinic lattice

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pr°

v/°

Volume/A3

z

Pealcg/cm?®

wmm*

F(000)

Crystal size/mm3

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

Mng.17Si180Y b

235.67

299.25

orthorhombic

Cmcm

4.0179(2)

28.6661(12)

3.8435(2)

90

90

90

442.68(4)

8

7.072

43.758

806.0

0.244 x 0.081 x 0.043
MoKa (A =0.71073)

5.684 t0 93.976
-8<h<8§,-58<k<58,-7<1<7
12959

1196 [Rint =0.0280, Rsigma = 0.0145]
1196/0/39

1.261

R1=0.0168, wR; = 0.0341
R: =0.0179, wR, = 0.0344
1.81/-2.52

Mno.18Si1gsYb

235.53

299.25

monoclinic

P2,

4.0179(2)

3.8434(2)

14.4734(7)

90

97.9865(16)

90

221.336(19)

4

7.068

43.767

403.0

0.091 x 0.091 x 0.045
MoKa (A =0.71073)

5.684 to 93.866
-8<h<8,-7<k<7,-29<1<29
13032

3994 [Rint = 0.0243, Rsigma = 0.0247]
3994/1/66

1.144

R1 =0.0243, wR, = 0.0574
R1 =0.0274, wR, = 0.0588
1.82/-5.59

0.50(2)

However, refinements in the orthorhombic lattice are slightly more satisfactory: 1) the R1 value is lower in this symmetry

= 1.68 % (vs. 2.43 % in the monoclinic setting); 2) The refinement in the P2; space group reveals a Flack parameter of 0.5,

suggesting the use of a centrosymmetric space group is required; 3) The anisotropic displacement for silicon atoms are similar

in both structures. The largest atomic displacement parameter in orthorhombic is U33 = 0.056(3) for Si4 (Table S1), while it is

U22 =0.065(4) for Si4 in monoclinic (Table S2).
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FIG. 1. Representation of the YbMn-q17Si-1 g9 Structure in the orthorhombic lattice.

In addition, the too short Mn-Si distances in the orthorhombic system no longer exist if one assume a local order of the
partially occupied Si3 and Mn1 positions, as firstly proposed by Norlidah et al.*® (figure 2a). In such a case, the short Mn-Si
distances (1.8936(20) and 2.0298(38) A) have not to be considered and only remain physically sound Mn-Si distances
(2.2396(20) and 2.3089(38) A). With this model, the Si3-Si3 bond distances are in the range 2.3066(46)-2.7824(50) A. Table
S3 gives the main interatomic distances in the orthorhombic structure. The unrealistic and non-existing ones are marked in

italic.

TABLE Il. Atomic coordinates for YbMn-o.17Si-1.89 in Cmcm

Atom Position X y z occupancy
Ybl 4c 0 0.5595(0) 1/4 1
Yb2 4c 0 0.3291(0) 1/4 1
Mnl 4c 0 0.2232(0) 1/4 0.351(3)
Sil 4c 0 0.1427(0) 1/4 1
Si2 4c 0 0.9069(0) 1/4 1
Si3 16h 0.5375(10) 0.2509(1) 0.2016(5) 0.25
Si4 8f 0.1989(1) 0.0124(1) 0.8244(9) 0.387(5)

TABLE Ill. Atomic coordinates for YbMn-o.17Si~1.89 in P21

Atom Position X y z occupancy
Ybl 2a 0.94046(4) 0.4506(3) 0.88092(2) 1
Yh2 2a 0.82915(4) 0.95252(6) 0.65831(2) 1
Mn1l 2a 0.2768(5) 0.459(2) 0.55358(12) 0.356(4)
Sil 2a 0.3572(3) 0.4519(13) 0.71460(9) 1
Si2 2a 0.5932(3) 0.4514(12) 0.18631(10) 1
Si3 2a 0.2505(7) 0.947(3) 0.50193(13) 1
Si4 2a 0.5125(6) 0.5272(11) 0.02473(18) 0.757(12)
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There are two independent Yb sites and their coordination environment is shown in figures 2b-2d. The local environment
of Yb1 is made of 20 neighbors, 8 of which are Si ones and 12 Yb neighbors (CN = 20). The Yb2 is surrounded by 10 Si, 6 Yb
and has 5 Mn1 sites but with an occupancy ratio of 0.35, that is an average of 1.75 Mn first neighbors. Figures 2c and 2d

represent two possible Yb2 environments in the Norlidah et al. model®¢, with respectively 2 and 1 Mn atoms (CN = 18 and 17).

FIG. 2. a) Representation of the hypothetical ordering of Mn1 and Si3 atoms in the BaAl,4 layers in Cmcm; b) Environment

of the Yb1 atom; c) and d) Two possible environments of the Yb2 atom due to local order of Mn atoms represented in a).

B. X-ray absorption

The ambient pressure Yb L3 XANES spectra recorded at several temperatures between 300 and 10 K are shown in figure
3. They have typical shape for intermediate valent Yb and show only little changes with temperature. Each spectrum consists
of a main structure near 8.948 keV and a shoulder near 8.941 keV that correspond, respectively, to transitions from the initial
Yb intermediate valent state to the final states of mainly 2p°4f'® (trivalent) and 2p°4f*# (divalent) character. The spectra were
fitted using two pseudo-Voigt functions for the two structures and two arctangent-type step functions due to the 2pz, —
continuum transitions (figure S3). The weight of each valence configuration (4f'3 and 4f%) in the initial valence state is
proportional to the peaks surface area S; (trivalent) and S; (divalent). The Yb valence was derived from (2S;+3S3)/(S2+S3).252¢
The estimated accuracy on the Yb valence is + 0.02. The inset of figure 3 shows the temperature dependence of the extracted
average Yb valence which is found constant within the error bars close to vay ~ 2.42. The measured Yb valence is the average
of the valence of the two Yb crystallographic sites of identical multiplicity. As described in section IlI.A, the two
crystallographic Yb sites have similar coordination numbers and interatomic distances, which suggest they have close Yb

valences.
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FIG. 3. Yb Ls XANES spectra of YbMn-0.17Si-1.89 between 300 and 10 K. The inset shows the temperature dependence of the extracted
average Yb valence vay.

It was recently shown that the scaling between the Kondo temperature Tk and (3-v) obeys a power law (3- v) = ATk? with
o =2/3 and A = 1/200.?” From the average measured valence va, ~ 2.42, we estimate the average Kondo temperature to be ~
1250 K. Such a high Kondo temperature is consistent with the lack of thermal dependence of the measured Yb valence below
300 K since, in the single impurity Anderson model, the Yb valence rapidly decreases at T < Tk before taking a constant value
at low enough temperature.?®?° For instance, the Yb valence was found constant v ~ 2.3-2.4 below 300 K in YbhGaSi, (1.12
<x<1.49)® or in YbCus®. Conversely, in the extreme hypothesis of two Yb sites in YbMn-17Si-1.80 having very different Yb
valences, say ~ 2.0 and ~ 2.84, the Kondo temperature of the most trivalent site would be ~ 180 K and we should have observed
a decrease of the average Yb valence upon cooling below 300 K. Hence, taken together, these remarks suggest that the two Yb

crystallographic sites in YbMn-q.17Si-1.8s have similar Yb valences around v ~ 2.4 + 0.1.

Yb atoms in such strongly intermediate valent state (i.e. with a high Tk) cannot bear local moment at room temperature
and below, since local moment behavior on Yh is expected only for temperatures higher than T« 132 Consequently, it is hardly
conceivable that Yb participates in the low temperature antiferromagnetic ordering (Tn = 4.5 K) reported in Ref. 15 and only
Mn magnetic moments can be involved. Further, the occurrence of a Curie-Weiss behavior in the 50-300K temperature range
originating from local moment on Yb, as reported in Ref. 15, is highly questionable. We note that in their analysis Peter et al.
seem not to have considered an effective moment on Mn.1> Whatever, our temperature dependent XANES data do not evidence

a valence change occurring near ~ 200 K, which was proposed in Ref. 15.
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FIG. 4. Pressure dependence of the XANES spectra of YbMn-0.17Si-1.80. at 10 K.

The Yb L3 XANES spectra recorded at 10 K upon increasing external pressure up to ~ 37 GPa are shown in figure 4. As
expected, they show a clear spectral weight transfer from the divalent to the trivalent component upon pressure increase, as
observed in many others Yb-based intermetallics,*®"18 since the pressure increase promotes the trivalent (4f'%) state of lower
atomic volume than the divalent one (4f#). The pressure dependent average Yb valence vy extracted from the fits is plotted in
figure 5. The valence change is rather sluggish. Even at the highest pressure of the measurements (P ~ 37 GPa), Yb atoms are
still in a strongly intermediate valent regime far from trivalency (vay ~ 2.63) and the Yb valence does not saturate. The average
Yb valence increases at a rate of ova,/0P ~ 0.01 GPa up to P ~ 8 GPa while dva/0P reduces to ~ 0.003 GPa! at higher pressures.
These rates are almost one order of magnitude lower than those observed in YbNiGe; of close ambient pressure valence.l” The
behavior of YbMn_-17Si-1.go resembles that of YbNiGas where v ~ 2.44 at P = 0 GPa and v ~ 2.67 at P ~ 40 GPa.*® No strong
anomaly possibly associated with a first-order valence transition is observed, hinting that the pressure-induced valence change
is not linked to a dramatic volume change such reported for YbMn,Ge,.° Change of slope in the pressure dependence of the
Yb valence may be indicative of a QCP.1" Here, however, the Yb valence at the slope change is too low (va, ~2.52 at P ~ 8
GPa) to be due to the magnetic instability of Yb since, to the best of our knowledge, local magnetism on Yb occurs at best for
v > 2.7.461314 Even under the highest applied pressure of ~ 37 GPa, the Yb atoms in YbMn.o17Si-1g are still too much
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hybridized (vay ~ 2.63) to magnetically order. Hence, the Yb atoms are still distant from their magnetic instability and the
corresponding quantum criticality. Due to the absence of high pressure X-ray data or high pressure temperature dependent
XANES data, it cannot however be excluded that the valence of Yb1 and Yb2 may evolve differently at high pressure with

possibly one of the two being then closer to its magnetic instability.

2.65
2.60
2.55
2.50
2.45

240k 1 ! 1 1
0 10 20 30 40

Pressure (GPa)

Valence

FIG. 5. Pressure dependent average Yb valence in YbMn-0.17Si-~1.80. at 10 K.

V. CONCLUSION

To summarize, the crystal structure of YbMn-17Si-180 can be described in an orthorhombic (Cmcm) or a non-
centrosymmetric monoclinic (P2,) cell, though the orthorhombic one together with a local order of the Mn1 and Si3 atoms
yields slightly more satisfactory results. In both cases, Yb atoms locate on two sites of identical multiplicity, with close
coordination numbers and interatomic distances. Below 300 K, the average Yb valence is found independent of temperature
(vav ~ 2.42). The close atomic environment of the two Yb sites and the lack of thermal dependence in the average Yb valence
suggest their individual valence is similar, close to v ~ 2.4. Such strongly hybridized Yb can hardly bears a local moment. Thus,
the previously identified magnetic properties of YbMn-o17Si-1 g9 likely arise solely from the Mn sublattice. The average Yb
valence smoothly varies with pressure and remains well below trivalency even at the highest applied pressure of 37 GPa (vay

~2.63), suggesting that Yb atoms are still far from their magnetic instability and the associated quantum critical effects.



SUPPLEMENTARY MATERIALS
See the supplementary material for the atomic displacement parameters and main interatomic distances tables in
orthorhombic and monoclinic settings and for representations of the crystal structure and local Yb environment in the

monoclinic lattice.
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