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Abstract 

The low temperature electron spin resonance (ESR) spectrum of dilute Er in ScHj. and 

^H„ powders contains distinct signals which are due to the presence of octahedral as well 

ss tetrahedral protons in the vicinity of the Er ions. The occupation probability for 

the octahedral protons is determined from the ESR signal intensities, and its variation 

with hydrogen-to-metal ratio x is explained by a lattice-gas calculation, yielding 

information about bulk proton distribution and relative site energies in these materials. 

Intrrduction 

In this paper we show that the lew temperature electron spin resonance (ESR) 

spectrum of'dilute Er in ScH„ and Y.HX oowders provides microscopic information cor.cerning 

lattice location, net charge, site energy and associated occupation probability for bulk 

protons which are of fundamental importance in understanding these materials and 

improving their characteristics for specific applications. Each ESR spectrum contains 

three distinct signals associated with the Er ion (substituting on a host metal atom 

site) having zero, one or two protons on next-nearest neighbor octahedral (0) sites (see 

Figure 1). The occupation probability for 0-sites adjacent to an Er ion versus the bulk 

hydrogen-to-tnetal ratio x is determined from integrated intensities of these signals and 

can be explained by a lattice-gas model. 

The inset in Figure 1 shows an Er ion residing on a metal atom site in the 

face-centered-cubic dlhydride lattice.[1] The eight nearest-neighbor protons shown as 

solid circles occupy tetrahedral (T) sites and form a simple cube around the Er, while 
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the six next-nearest-neighbor positions are 0-sites shovm as open circles forming an 

octahedron. The bulk O-sltes are primarily vacant in bulk Sch'x and YH X when x < 2. The 

ESR data shows that as x approaches 2, however, an appreciable number of Er Impurity ions 

have a proton on C-site 1 (or one of the five equivalent locations), other Er ions have 

protons on both 0-sites 1 and 2, while the remainder have no neighboring octahedral 

protons. The lattice-gas model which explains the occupation of these sites next to an 

Er ion yields additional information about proton distribution in the host hydride. 

A particularly useful result obtained by fitting the lattice-gas model to the ESR 

r'ata is the fraction of bulk 0-sites filled by protons at a given value of x. In the 

case of £cH x this fraction is lrss than 0.5$ at x = 2 in agreement with the fact that Sc 

does not form a trihydride at ordinary pressures.[1] This result differs strongly from 

recent nuclear magnetic resonance (MMR) second moment measurements [2] on protons in ScH„ 

indicating that up to 30J of the bulk 0-sites are filled at r = 1.9. The ESR results 

reported here should be more reliable since, in contrast to proton NMR, we observe 

separate resonances associated with 0-site occupation next to an Er. The ESR data for Er 

in YH X shew that approximately 8% of the bulk 0-sites are filled when x = 2. The ESR 

technique can thus be a powerful means of determining microscopic properties and phase 

boundaries of hydrides. 

ESR Spectrum and Analysjs 

The derivative absorption ESR powder spectrum for 0.1 J Er in ScH. ._~ taken at 2 K 

and 9.8 GHz is shown in Figure 1. Samples for this study were prepared by arc-melting 

the Er into specially purified Sc, then loading with hydrogen in a modified Sieverts' 

apparatus, and finally grinding the metal into a fine powder for the ESR measurements. 

The hydrogen-to-metal ratio X was determined volumetrically, and confirmed 

gravimetrically to better than \%. The solid line in Figure 1 is the experimental curve, 

and the dashed line is the calculated ESR powder pattern for three distinct Er ion sites, 

one with cubic symmetry and two with axial symmetry. We have included the known 
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hyperfine lines for Er ions in a cubic site.[3] The main signal at 1035 Oe has a 

g-factor of 6.7^*0.01, consistent with a X* ground state for trivalent Er in a cubic 

crystal field. If thii; field is produced by the cube of "I-site protons, we can conclude 

that they are negatively charged.[4] 

In addition to the main isotropic resonance i.nd its eight hyperfine lines there are 

two resonances in Figure * associated with Er ions in distinct axial sites. Axial 

resonances in a powder sample are characterized by a positive peak and a "normal" 

derivative signal corresponding to g and g for applied magnetic fields along and normal 

to the axial symmetry direction, respectively. In Figure 1 the two axial signals are 

identified by superscripts 1 and 2. The excellent fit has been obtained with the 

following adjustable parameters: a common lineshape asynrcetry £5J for all signals, five 

g-Iactors, three isotropic linewidths and three intensities for the isotropic and two 

axial lines, respectively. 

Referring to the inset in Figure 1, there are two simple ways to change the site 

symmetry of the Er ion from cubic to axial: a) remove a T-site proton from the 

nearest-neighbor cube or b) add a proton to one of the next-nearest-neighbor 0-sites. 

Since the axial signals increase strongly with x (see Figure 2 ) , we choose the latter, 

and conclude that the Er ions in ScH and Yti are surrounded by eight T-site protons for 

all x in the dihydride single phase region (in agreement with recent Mossbauer 

measurements £6] on Er in ZrH ). To strengthen this choice we have calculated the axial 

crystal field values needed to split the cubic g-factor into the values for the axial 

resonance with superscript 1. The valu* of axial field strength determined in this 

calculation was then doubled, and the g-factors predicted for twice the axial 

perturbation agreed with those measured for the axial resonance with superscript 2 within 

experimental error. This calculation plus the axial symmetry of resonance 2 requires 

that the two adjacent 0-aite protons reside on opposite sides of the Er (sites l and 2 in 

Figure 1). Orthorhombic or lower site symmetry for the Er has a totally different ESR 



powaer pettern which we have measured for Er in YH with x > 2.2. The above 
interpretation of the ESH spectrum in Figure 1 implies that it is energetically favorable 
for the second octahedral proton nexi to an Er ion to reside on O-site 2 rather than one 
of the four O-sites in the plane immediately below site 1. For Er in YH the ESR 
spectrum is similar to that in Figure 1 with somewhat larger splittings in the axial 
g-factors. 

Ey comparing the integrated intensities of each axial signal with that of the 
isotropic line, we can determine the relative probability of one or two adjacent O-site 
protons compared to zero octahedral protons. In Figure 2 we compare the fraction of Er 
ions with one neighboring O-site proton for YH (open circles) and ScH (solid circles) 
versus the hydrogen-to-oetal ratio x. The samples were prepared to span the single phase 
region for both hosts. The most striking feature of these data is the rapid increase in 
Er ions with adjacent O-site protons near x = 2 for £cH„ in contrast to the gradual 
increase across the single phase region for YH . The lattice-gas calculation described 
btlcw shows that this is a natural consequence of bulk O-site proton occupation which 
occurs in YH but not £cH x. t 

Lattice-Cas Model 

The observed dependence on x may be understood in terms of a lattice-gas model [7] 
which is equivalent to an Ising model in an applied field. The probability of an 
impurity ion having an adjacent G-site occupied normalized to the probability of having 
all &-sites vacant is given by 

p, = 6exp{.-pt(v'0-fA)] (1) 

where f> = , / l !n T a n d T i s a n effective "freeze out" temperature to be discussed below, 
V Q is the energy of an G-site neighboring an impurity, /K is the chemical potential and 
there are 6 available sites. For impurity concentration c << 1 it is sufficient to 
determine j * by considering bulk proton site occupation, the equations .for which are 



c T = texp[^*(UT->Jl)] + 1}" , c 0 = {exp[f*(U Q->u)] + l}" (2) 

c 0 + 2c T = x (3) 

where U T and U 0 are bulk T- and O-slte energies, respectively, end interactions have been 

neglected. Here c and c , the fraction of each site occupied by protons, are functions 

of x because of Equation 3. In the absence of bulk O-site occupation we have 

where A = 6expt^* ( U T - V Q ) ] . 

The solid curve in Figure 2 gives a good fit to the £cH x data (solid circles) with A 

= 0.0OJ5. The fact that A/6 « 1 indicates that VQ > U_, i.e., it is still energetically 

favorable (or a proton to occupy a bulk T-site as oppored to an O-site adjacent to an Er 

impurity, but there is a big gain in fret; energy with O-site occupation. This is because 

at x = 2 and low impurity concentration, one can increase entropy by the order of N by 

allowing a proton to move from one of the N bulk T-sites to an O-site near an Er. 

The rapid increase in impurity O-site occupation near x = 2 for Er in S c ^ is a 

direct reflection of the lack of bulk O-site occupation. If bulk O-site occupation is 

included, Equation 4 becomes 

P l = »tx-c0(x)3 ( 5 ) 

2-x-fo0(x) 

where the solutions to Equations 2 and 3 give 

Ux 
c n(x) = x - , (6) 

0 2+x+B(1-x)+/{[2-x+B(1-x)r+l)Bx(3-x)) 

with B = exp[£ (U -U )]. The error bars on the ScHjj data in Figure 2 place an upper 

limit on o. of 0.5} at x = 2 which Implies B < 10" 5. 
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ln contrast to ScH x the YH X data obviously cannot be explained by the one-parameter 

model in Equation ** which neglects bulk O-site occupation. The dashed line in Figure 2 

is a least-squares fit of Equation 5 with A = 0.006) and B = 0.00*10. This value of B 

allows substantial bulk C-site occupation below x = 2, and c Q is 8.^% at x = 2. This 

prevents a rapid rise in impurity 0-site occupation in YH X near x = 2, resulting in the 

gradual increase with x across the single phase region as shown. 

Thermal equilibrium is established at the freeze out temperature T = I/kgfi rather 

than the low experimental temperature of 2 K. If we take T = 200 K [8] the values for A 

in both S c ^ and YH X correspond to a difference of about 0.1 eV between Er 0-site and 

bulk T-site energies, which tuay include mean field T-T and C-T interactions. In the case 

of YK the energy difference between bulk 0-site and T-site protons is also about 0.1 eV, 

since A and JB are comparable, which means that C-site energies in the bulk and next to an 

Er impurity are about the same. However, the upper limit of c Q = 0.5$ at x = 2 in ScH 

implies a difference between bulk 0-site and T-site proton energies of greater than 0.2 

eV, so 0-site occupation next to an Er ion is at least a factor of 2 less unfavourable 

energywise compared with the bulk hydride. This agrees with the observation that while 

the Er atom is too large for the ScH., lattice and makes a substantial perturbation to 

neighborinp; site energiest it should be closely matched to the Y si2e in YH X and thus 

create little disruption. 

In conclusion, we have shown that dilute impurity ESH in metal hydrides is a 

sensitive probe of the proton behavior both adjacent to the impurity and in the bulk 

lattice. A aitjple lattice-gas model gives a very good explanation for the dependence of 

Q-site proton occupation next to the impurity upon hydrogen-to-metal ratio x. This model 

can thereby be used to establish 0-site occupation in the bulk hydride in a direct 

manner, providing a considerably more accurate determination than the more conventional 

NhR second-moment measurement, despite the perturbation introduced by the ESR impurity 

ion. By assuming a particular freeze out temperature for bulk proton diffusion, site 
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energies can be calculated. This method should be useful in a variety of problems 

relating to phases of hydrides and hydrogen in metals. It also may be applicable to the 

study of helium birth and subsequent release from tritides. The ESR signal versus time 

should provide a monitor of strain build-up in the lattice and possibly information about 

the location of He atoms. 
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Figure 1. Experimental (solid) and fitting (dashed) curves of ESR absorption 

derivative. Positions of the hyperfine lines from the main resonance as well as the 
( 1 2) 

axial lines g ' are shown. Inset shows tetrahedral (solid circles) and octahedral 
(open circles) proton sites surrounding Er in the host fee lattice. 

Figure 2. Relative number of Er ions with one octahedral proton normalized to 

number with no octahedral protons (cubic symmetry) versus x over the single phase region 

for ScH x (solid circles) and YH (open circles). Curves are theoretical as explained in 

the text. 
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