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Abstract

:

A hydride of Yb2Pd2Sn could be synthesized with approximately 2 H atoms per f.u. The hydrogenation leads to a volume expansion while preserving the tetragonal symmetry (P4/mbm). The lattice reaction is strongly anisotropic, and the 5% expansion in c is partly compensated by the 0.5% compression in a. The hydride is paramagnetic at least down to 0.5 K. Yb remains at or very close to the 3+ (4f13) state, as in Yb2Pd2Sn. Specific heat C/T vs. T shows an upturn existing already in Yb2Pd2Sn, but it is much more pronounced in the hydride (1.8 J/mol f.u. K2 for T → 0, i.e., more than twice higher than in its precursor). This is interpreted as lowering the Kondo temperature due to H bonding.
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1. Introduction


The R2T2X (R = rare-earth, T = transition metal, X = p-metal) series represents an extended group of materials, recently attracting lot of attention [1,2,3,4,5,6,7,8]. Although several different crystal structures have been identified for the given stoichiometry [9], most research effort has been focused on the family of tetragonal compounds with the Mo2FeB2 structure (ordered ternary derivative of the U3Si2 type). The fact that they include both rare-earths and actinides (standing for the element R) allows a direct comparison of the 4f and 5f magnetism. The specific coordination of the R element in the crystal lattice (Figure 1b), forming dimers arranged in a square motif in the basal plane, can in certain situations provide realization of the frustrated lattice of the Shastry–Sutherland type (Figure 1) [10]. Magnetic frustration exists when the near-neighbor (NN) interactions J′ and next-nearest-neighbor (NNN) J are antiferromagnetic (see Figure 1a). Depending on the ratio of the intradimer and interdimer exchange parameters, J′, J, different ground states occur [11,12,13].



There are two limiting behaviors, depending on J/J′. Nonordering dimers are found for small J/J′, distinguished by an energy gap Δ between the singlet and triplet states of the dimer (disordered ‘spin liquid’ (SL) regime). On the other hand, AF order with gapless magnetic excitations is favored for large J/J′. At T = 0, a transition between the SL and AF phases has been predicted for J/J′ ≈ 0.6–0.7 [14]. Some “221” compounds were already identified as compounds with Shastry–Sutherland lattice [13,14,15,16].



Tuning, e.g., by composition modifications, gives access to a quantum critical point, where the long-range magnetic order vanishes [17,18]. The behavior of metallic systems around such singularities has been a driving force behind the research of strongly correlated systems. Last, but not least, the capability to absorb hydrogen provides the possibility to tune electronic properties by a lattice expansion and by bonding of H atoms in one or more interstitial positions. Moreover, changes of symmetry sometimes occur, too, affecting physical properties ([19] and references within).



In general, anomalous rare-earths with unstable 4f configuration deserve special attention among all rare-earth compounds. The 4f instability has been traditionally encountered at Ce, Sm, Eu, or Yb compounds, for which composition or external variables can be used to tune a system between a magnetic and nonmagnetic state. While Ce systems offer a possibility to suppress a magnetic state by applied pressure, driving the system via Kondo regime to intermediate-valence state reducing the 4f occupancy below 1, Yb behaves, to some extent, in an opposite way, with high pressure naturally preferring a low-volume state, i.e., the magnetic 4f13 one. Valence fluctuations between f13 and nonmagnetic f14 are therefore suppressed by the lattice compression. However, the 4f13 magnetism has to be ultimately attenuated if even higher pressures are applied, which was indeed demonstrated for Yb2Pd2Sn [20]. A particularly interesting fact is that this compound as well as its counterpart Yb2Pd2In are nonmagnetic at ambient pressures [21], but a small unit-cell contraction roughly in the middle of the quasi-ternary system is sufficient to induce magnetic order [21] in a similar way as a pressure around 1 GPa in pure Yb2Pd2Sn [20].



Hydrogen absorption without a dramatic change of crystal-structure type can be taken to some extent as a stimulus acting opposite to hydrostatic pressure. The system reacts on a H absorption by a volume expansion due to H atoms occupying particular interstitial positions. In actinides, sensitive to distances between neighbor 5f atoms, this tunes the width of the 5f band responsible for magnetism, supporting the tendency to formation of moments and their ordering [18]. The response in rare-earths is more complex. One can try to separate the impact on the stability of ionic magnetic moments from variations of intersite exchange interactions. The latter aspect is dominant in systems with regular rare-earths, affected mainly by the loss of conduction-electron concentration, weakening the indirect RKKY exchange interactions. This interaction has certain dependence on interatomic spacing d (the RKKY interaction [22] has oscillatory sign and its envelope decays as 1/d3), but the density of conduction electrons plays a major role. In an ultimate case of loss of metallicity, the RKKY interaction vanishes. Ordering temperatures are consequently reduced, e.g., TC in GdH3 is lower by two orders of magnitude than in Gd metal (TC = 297 K). The reason is that H in the hydrides behaves as an acceptor of electrons in the presence of strongly electropositive lanthanides. For example, transfer of 0.34 e− towards the H-1s states was observed in GdH3 [23,24]. This phenomenon is another manifestation of the switchable mirror effect [25], based on the reversible loss of metallicity between YH2 and YH3. Naturally no visible magnetic response is recorded for Y without f-electrons. The weakening of intersite exchange interactions can be seen even in other R-based compounds having more elements, although the effect may be suppressed due to valence-band electrons brought into the system by other constituents. Examples of RTX (e.g., RNiAl or R2T2X compounds exhibit reduction in respective ordering temperatures typically by an order of magnitude upon hydrogenation (R = rare-earth)). In compounds with electropositive elements, Ni carries no magnetic moments, having the 3d band effectively filled up [26]. This implies that the reduction is due to the impact of H on the RKKY interaction. For example, in the ferromagnetic compound GdNiAl, TN = 62 K decreases to 15 K in the saturated hydride GdNiAlH1.35 [27]. The influence of hydrogenation on the ordering temperatures approximately following the De Gennes scaling [28] is analogical for other R. However, in compounds like GdTiGe (ferromagnet with TC = 376 K), where Gd form tetrahedra, which are all occupied by H in the hydride, the effect is similarly striking as in pure Gd, reducing TC from 376 K to less than 4 K [29].



A similar development of the density of states can be observed in R2T2X compounds, and the suppression of ordering temperatures is found. For example, Nd2Ni2Mg is antiferromagnetic with TN = 19 K, whereas TN = 1.0 K in Nd2Ni2MgH8 [19]. Lower H concentrations make naturally the drop less striking; TN = 12 K in Tb2Pd2InH1.6 should be compared with TN = 33 K in Tb2Pd2In [30].



A particular interest is in rare-earths with unstable 4f configuration (anomalous rare-earths), with stronger 4f hybridization with conduction-electron states. In Ce compounds, any volume expansion prefers the 4f1 stability, and suppression of valence fluctuations leading to a Kondo state or even to magnetic ordering of stable 4f moments. The same tendency is supported by reducing the density of non-f states at the Fermi level by the H bonding, but, due to the same reason, the intersite coupling (RKKY like) also remains weak. The development of ordering temperatures is therefore nonmonotonous, as proposed in the general Doniach phase diagram, illustrating evolution from weakly paramagnetic valence fluctuators through Kondo or Kondo lattice systems into magnetically ordered systems. The highest (but still rather low) ordering temperatures appear close to the very onset of magnetic order. Such tendency was found for CeRuSi [31], where antiferromagnetism (TN = 7.5 K) is induced by hydrogen from the nonmagnetic heavy Fermion precursor compound. In Ce2Ni2InHx there occurs a change from valence fluctuations in the parent compound to rather stable 4f1 configuration in the hydride with x = 4.98 [32]. The hydrogenation works, hence, opposite to the common effect of high pressure, a usual tuning mechanism. Unlike pressure tuning, the hydrogenation does not yield a continuous scale, but it is the only “negative pressure” tool available.



Exceptionally, the opposite influence of H, where the magnetism is not supported by H absorption, was observed. CeCoSi, which is antiferromagnetic (TN = 8.8 K), has the magnetic order destabilized in CeCoSiH (CeCoSiH is an intermediate valence compound) [33]. In such a case, the H bonding can arguably affect the 4f states, providing a plausible explanation. In general, the situation in which the increasing H concentration leads to a slow decrease in ordering temperatures is more common.



With regard to the R2T2X compounds, such development was described for Ce2Pd2In, which allows the tuning of the H concentration in several steps up to 4 H/f.u. [34] or Ce2Cu2In [35]. A general conclusion from the available data is that particular details of the development of magnetism upon H exposure can be then an interesting probe into a system, revealing important details of electronic structure. Yb compounds with hydrogen have been studied much less, hence the tunability still remains to be explored. The 4f14 configuration of free Yb ion is preserved in YbH2 in contrast with intermediate valence state for higher H concentrations [36]. YbH2 is nonmetallic and naturally nonmagnetic. It does not adopt the cubic CaF2 structure characteristic for other rare-earth dihydrides, but crystallizes in an orthorhombic structure known for CaH2 [37]. This is related to the fact that divalent rare-earths do not have the bonding properties of a d-electron. The 4f13 state appears only in YbH3, which orders antiferromagnetically below TN ≈ 4 K [38]. The case of Yb2Pd2Sn-H is of a special interest as the precursor of the hydride is close to the onset of magnetism.



In the present paper, we describe crystal structure and basic properties of its hydride, being isostructural with other members of the extended R2Pd2Sn-H family.




2. Results


2.1. Crystal Structure


There is extended information on systematic variations of crystal structure of R2Pd2(In,Sn) compounds affected by hydrogen [30]. This study, however, did not include compounds with Yb. It was found that the lattice parameters a and c decrease linearly with increasing atomic number both in parent compounds as well as in their hydrides. The lattice parameter a for the hydrides is also linearly decreasing with increasing atomic number as in the parent compounds, but the slope is much higher. For first part of the R series (La–Gd), the hydrogen absorption leads to expansion along the a-axis, while for the others, the a parameter contracts. On the other hand, the lattice is expanding along the c-axis in all studied R2Pd2(In,Sn) compounds. The relative expansion along the c-direction, ∆c/c, increases with increasing atomic number of R in such a way that it compensates for the lattice contraction along the a-axis, leading to volume expansion in all cases, although it decreases from 6% to 3.5% with increasing atomic number Z.



The crystal structure of a polycrystalline Yb2Pd2Sn sample was proved to be of the correct tetragonal Mo2FeB2 type (space group P4/mbm). The hydrogenation leads to a volume expansion while preserving the tetragonal symmetry, which is known from other R2T2X compounds as the first hydrogenation step [30]. Table 1 shows that the structure response (Δa/a and Δc/c) is anisotropic, with expansion of the unit cell along the c-axis and compression along a. The respective diffraction patterns are shown in Figure 2. The lattice parameters and other details are given in Table 1. For the hydride, one can distinguish one peak of the spurious YbPd2Sn phase [39,40] around 2θ ≈ 38°. The same amount (around 1.6%) was present in the precursor alloy; hence, we conclude that this phase is not affected by hydrogenation.



The amount of hydrogen absorbed was determined to be (1.8 ± 0.2) H at./f.u., analogous to other R2T2X hydrides that preserve the tetragonal symmetry [30]. This implies that H atoms occupy half of the adjacent Yb3Pd tetrahedra. Occupancy of all tetrahedra would violate the rule that two tetrahedra sharing the same face cannot be occupied simultaneously [41]. Similar values of internal parameters characterizing the Yb positions in Yb2Pd2Sn and its hydride indicate that the basal-plane square motif of Yb atoms reacts to hydrogenation by practically isotropic expansion. The absence of significant rotation of the square, permitted otherwise within the given tetragonal symmetry (and attested in some R2T2X compounds, e.g., as due to thermal expansion or external pressure [42]), suggests the absence of any dramatic impact of hydrogenation on the effective size of Yb atoms. We can assume that if the Yb size varied it would mainly impact the Yb–Yb distance within each dimer, which gives a rotation of the Yb square motif within the basal plane.



The lattice parameters, and particularly the negative value of Δa/a, clearly indicate that Yb stays rather close to the 3+ state in the hydride. Figure 3 shows that the 2+ state with much larger volume would place the relative change entirely out of systematics. Despite the volume change, the shortest Yb–Yb distance remains practically the same (below 0.4%) (Table 1). It is only switched from the c-axis in the parent compound to the basal plane in the hydride.




2.2. Magnetic Properties


Temperature dependence of magnetic susceptibility (Figure 4) reveals only modest differences between Yb2Pd2Sn and its hydride. In both cases, we observed a monotonous increase in χ(T) with decreasing T (Figure 4a), with no sign of a magnetic phase transition in the temperature range studied, i.e., above T = 2 K. The inverse susceptibility 1/χ(T) in the field of 1 T seen in Figure 4b can be approximated by a straight line, indicating the Curie–Weiss behavior χ = C/(T − θp), from which the value of C gives the effective magnetic moment value μeff. The fits (30–300 K) yield μeff = 3.64 μB/Yb, θP = −27 K for Yb2Pd2Sn and μeff = 3.28 μB/Yb, θP = −13 K for Yb2Pd2SnH≈2. The fact that μeff does not reach the full theoretical value for 4f13 (4.54 µB) could be related to a small admixture of the 4f14 state with µeff = 0. However, as shown above, no significant 4f14 participation is expected on the basis of structure considerations. Alternatively, the reduced µeff in the hydride may be related to a structural disorder due to incomplete occupation of the H sublattice, which could locally change the exchange interactions and introduce magnetic frustration, leading to a distribution of θP values. That also affects the µeff values obtained from the fit and can be a reason for the small but visible bending of the 1/χ(T) dependence seen in Figure 4. More generally, the reduction in µeff can be related to the crystal electric field effect. The negative values of θP can be due to dominant intersite antiferromagnetic coupling as well as the Kondo effect [43], i.e., the moment instability due to the 4f hybridization with ligand electronic states, which can be expected to be close to the 4f13 state of Yb.



The 4f occupation enhanced over n = 13 is unlikely also from the point of view of H bonding, in which the H atom plays a role of acceptor in compounds with more electropositive element. In addition, any considerable 4f14 mixing would give more valence fluctuations and suppression of the Kondo effect. Hence the γ-enhancement (see below) would be difficult to understand.



Figure 4b reveals how the deviation of magnetic susceptibility of Yb2Pd2SnH≈2 from the Curie–Weiss behavior develops progressively below ≈ 40 K. This effect is actually strongly field-dependent, as seen in Figure 5. The prominent upturn seen in low fields becomes gradually suppressed with increasing field. Figure 6 demonstrates that in the highest field applied we can see a certain tendency to saturation of magnetization to values 2.5–3.0 µB/f.u., which is still far below the value expected for full theoretical moment (8.0 µB/f.u., i.e., 4.0 µB/Yb). χ(T) increasing with decreasing T faster than the Curie–Weiss law extrapolated from high temperatures can be, in a most simple model, attributed to a small amount of Yb moments, which do not experience (e.g., due to the atomic disorder in the hydride) the negative exchange coupling to the neighbors. In such a situation, the Curie behavior (θp = 0) starts to dominate χ(T) as T → 0 and such moments are actually easier oriented by the magnetic field.



The field dependence of χ(T) has to be naturally projected into a nonlinearity of field dependence of magnetization, which exhibits a saturating tendency. Qualitatively, it can be attributed to the saturation of the Brillouin function. As the paramagnetic Curie temperature θp = −13 K, the measured magnetization at T = 2 K can be compared in the first approximation with a simulated case of noninteracting moments at T = 15 K. Figure 6 shows that the agreement is unsatisfactory. The magnetization tends to saturate in much smaller fields and the shape resembles more the Brillouin function at T = 2 K, but the total magnetization values from the experiment are, by far, too low, reaching only 2.5 µB/f.u., which should be compared with the full theoretical moment 8.0 µB/f.u. considering 2 Yb atoms in f.u. Only a small part of the discrepancy can be related to magnetic anisotropy of the polycrystalline sample. In the most extreme case of uniaxial anisotropy, random orientation of grains can reduce macroscopic magnetization by 50%. Here, the effect is clearly higher so we cannot exclude the presence of, e.g., antiferromagnetic coupling of the dimers existing in the paramagnetic state, which would imply a metamagnetic process in magnetic fields beyond our experimental limit of 14 T.




2.3. Specific Heat


The results of the specific heat measurement (seen in Figure 7 in the C/T vs. T representation) show a gradual approach to the classical limit of lattice heat capacity, 15*R = 124.72 J/mol K for the formula unit containing five atoms. The contribution of H atoms in metal hydrides usually manifests at substantially higher temperatures, following the high energy of H optical modes.



Low-temperature specific heat (Figure 8) exhibits an upturn in C/T(T). In principle, it could be related to the nuclear specific heat of Yb. There exist two Yb isotopes having nuclear spin, 171Yb with I = ½ and 173Yb with I = 5/2 [44]. However, the measured data (Figure 7) do not follow the 1/T2 behavior typical for nuclear contribution CN. This fact suggests that a term of another origin can contribute, if not dominate, in the low-temperature range (e.g., certain magnetic interactions). A detailed view shows a shoulder at T ≈ 2 K followed by another rapid increase on its low-temperature side. The upturn exists already in Yb2Pd2Sn, but it is much more pronounced in its hydride and the experimental C/T value for T → 0 extrapolation is enormous, ≈1.8 J/mol f.u. K2, i.e., more than twice higher than in its precursor. The data do not identify any magnetic phase transition down to ≈500 mK. Measurements in magnetic fields reduce the values only partly, and a broad maximum develops gradually. This excludes a static disorder as a source of high C/T values; in such case, the field suppression would be much faster. Instead, it points to the influence of spin fluctuations similar to U2Co2InH1.9 [45] or U2Co2Sn [46]. The observed shift of magnetic entropy towards higher temperatures could be, in principle, a fingerprint of ferromagnetism, but that is excluded by negative θp values. The shift of the C/T data to the higher temperatures with the application of the magnetic field can also arise from the Schottky anomaly appearing at higher temperatures.



The situation is complicated by the fact that Yb2O3 (which might be present in the sample—although not detected by XRD) shows a peak of magnetic origin [47] in the vicinity of the upturn present.



In addition to the upturn, the low-temperature part can be tentatively described by the Debye model (Figure 9) with the Debye temperature θD = 210 K and the electronic term γ × T, with γ = 180 mJ/mol f.u. K2 (green line in Figure 9). For the low-temperature analysis, it is appropriate to use the Debye model with five atoms in formula unit. Vibrations of additional H atoms usually contribute to the lattice specific heat by high-energy optical modes, which are not populated far below 300 K. The fast reduction in γ with increasing T is a common attribute of Kondo systems, in which the enhanced γ-values mean low characteristic temperatures, below which the condensation into Kondo singlet happens. At higher temperatures, the Kondo resonance in the quasiparticle density of states is lost [48], e.g., in CeAl3, the γ-value drops into rather usual values [49]. However, the Debye model should be taken with caution as it fails for temperatures above 50 K; in addition, crystal-field splitting and its contribution to the specific heat is not taken into account.



Materials in a valence-fluctuating regime usually exhibit lower γ-values than Kondo materials as the quasiparticle resonance at the Fermi level is broadened by charge fluctuations.





3. Discussion


We showed that the hydride of Yb2Pd2Sn could be synthesized with approximately 2 H atoms per f.u. The lattice reaction is strongly anisotropic, and the 5% expansion in c is partly compensated by the 0.5% compression in a. For example, the Yb–Yb distances remain practically the same.



Placing the hydride into the systematics of analogous rare-earth materials, it is evident that Yb remains at or very close to the 3+ (4f13) state. However, it remains paramagnetic at least down to 0.5 K. The low-temperature upturn in C/T(T) is practically doubled in the hydride, giving the very high γ-value of almost 2 J/mol f.u. K2, indicating a Kondo regime of the 4f shell. In the past, very high γ-values were identified, e.g., for Ce-based “221”compounds [50].



The difference between Yb2Pd2Sn and its hydride can be understood as a result of interplay of the lattice changes and H effect on the bonding, with the latter affecting mainly electronic states of Yb. Generally, the volume expansion would prefer less stable 4f moments, as the divalent Yb is much larger than the trivalent one. In Yb2Pd2Sn, the distance to two nearest Yb neighbors (equivalent to c) indeed expands upon hydrogenation; however, the distances within the basal plane remain practically the same in the hydride. The nearest neighbors become those within the Yb–Yb basal-plane dimers.



On the other hand, we assume an important bonding of the Yb-5d and 6s states with the H-1s states [27], which reduces the density of states at the Fermi level, and the 4f13 state may become more stable. The 4d states of Pd which is adjacent to H are likely to be filled in the precursor intermetallic already due to the high Pd electronegativity. The intersite exchange interaction becomes consequently weaker. Apparently, the result is a decrease in the Kondo temperature, which makes the Kondo effect more apparent; the γ-coefficient increases. The long-range order at still lower temperatures cannot be, however, excluded.



A tendency to magnetic order can, in addition, be negatively affected by a lattice disorder. In addition, the usual disorder due to incomplete occupation of the H sublattice as the H occupancy can be slightly below 2/f.u., and there is the specific feature of the Mo2FeB2 structure type, offering a stochastic occupation of 50% of equivalent H sites. Such a situation was found to have an important impact on properties of isostructural U compounds [51].




4. Materials and Methods


A standard procedure of hydrogenation was performed. A single-phase polycrystalline sample of Yb2Pd2Sn was crushed into a coarse-grained powder. In order to remove surface contaminants, the powder was heated to T = 523 K in a dynamic vacuum (10−6 mbar). Subsequently, it underwent thermal treatments in hydrogen atmosphere. First, the hydrogenation was performed at hydrogen pressure of 0.6 bar by heating up to T ≈ 523 K. No significant hydrogen absorption was observed. However, a hydrogen absorption was achieved at H2 pressure of 100 bar by heating up to T ≈ 473 K and subsequent cooling with the rate 0.1 K/min. The amount of hydrogen absorbed was determined by thermally induced desorption in a closed volume, giving the value (1.8 ± 0.2) H at./f.u., analogous to other R2T2X hydrides which preserve the tetragonal symmetry [30]. The powder X-ray diffraction was employed to determine the crystal structure and quality of the prepared sample. The Fullprof package (Version: May 2016) [52] was used to treat the data.



Quantum Design PPMS equipment was used for magnetic studies and heat-capacity measurements. The grains of the sample for magnetic measurement were fixed in random orientation by acetone-soluble glue. Magnetic measurements of Yb2Pd2SnH≈2 were performed in the temperature range 2–300 K and fields up to 14 T. The specific heat was measured down to 0.4 K in external magnetic fields up to 5 T using the 3He insert for PPMS on a pellet prepared by pressing the powder in the case of the hydride.
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Figure 1. (a). Shastry–Sutherland lattice as suggested in [10]; (b) Mo2FeB2 structure showing Yb atoms. The inter-dimer and intra-dimer interactions are indicated; (c) Mo2FeB2 structure showing Yb atoms (grey). Superposed is a schematic representation of a square lattice built up from the Yb dimers (orange). 
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Figure 2. XRD pattern (Cu Kα radiation) of Yb2Pd2Sn (simulated) compared to its hydride. The green ticks show the position of diffraction peaks of YbPd2Sn impurity. 
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Figure 3. Relative lattice changes upon hydrogenation of the lattice parameters a and c (Δa/a and Δc/c, respectively) along the RE series [30]. In and Sn compounds are marked as black and red columns, respectively. Yb2Pd2Sn is shown as hatched columns (4f13 as red, hypothetical 4f14 as green). 
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Figure 4. Temperature dependence of magnetic susceptibility (a) and inverse magnetic susceptibility (b) of Yb2Pd2Sn compared to its hydride. 
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Figure 5. Temperature dependence of magnetic susceptibility of Yb2Pd2SnH≈2 measured in various magnetic fields. 
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Figure 6. Field dependence of magnetization (per f.u.) of Yb2Pd2SnH≈2 measured at T = 2 and 15 K compared to the corresponding Brillouin functions for 1 Yb atom (J = 7/2, gj = 8/7, gJ = 4) at various temperatures. One should be aware that 1 f.u. has 2 Yb atoms but the Brillouin functions here give the theoretical values for 1 Yb atom. 
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Figure 7. Temperature dependence of the specific heat (in the C/T vs. T representation) of Yb2Pd2Sn compared to its hydride. 
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Figure 8. Low-T detail of the temperature dependence of the specific heat (in the C/T vs. T representation) for Yb2Pd2SnH≈2 measured in various magnetic fields. The inset shows the temperature dependence of the specific heat in zero field using a logarithmic scale. 
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Figure 9. Debye fit of the specific heat (in the C/T vs. T representation) for Yb2Pd2SnH≈2. The green line represents the Debye fit for ΘD = 210 K and γ = 180 mJ/mol f.u. K2. 
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Table 1. Structure parameters of Yb2Pd2Sn [20] and its hydride. Lattice parameters a and c, unit cell volume V, relative lattice expansion along a direction Δa/a, along c direction Δc/c, and relative volume expansion ΔV/V are given. Notice that the refined atomic coordinates determining the position of the Yb and Pd in crystal lattice change only very little.
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Yb2Pd2Sn

	
Yb2Pd2SnH≈2






	
a (Å)

	
7.580

	
7.544 (2)




	
c (Å)

	
3.639

	
3.820 (1)




	
V (Å3)

	
209.1

	
217.4 (1)




	
∆a/a (%)

	
-

	
−0.47




	
∆c/c (%)

	
-

	
4.97




	
∆V/V (%)

	
-

	
3.97




	
Atomic positions

	
Yb

	
(0.1724, 0.6724, 0.5)

	
(0.1712 (4), 0.6712 (4), 0.5)




	
Pd

	
(0.3716, 0.8716, 0)

	
(0.3699 (5), 0.8699 (5), 0)




	
Sn

	
(0, 0, 0)

	
(0, 0, 0)




	
Shortest basal-plane dYb-Yb (Å)

	
3.696

	
3.653




	
c-axis dYb-Yb (Å)

	
3.639

	
3.8197
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