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NMR Evidence for Solid-Fluid Transition near 250 K of He Bubbles in Palladium Tritide

G. C. Abell and A. Attalla
Mound Laboratory, Monsanto Research Corporation, Miamisburg, Ohio 45342

(Received 8 June 1987)

Nuclear-magnetic-resonance relaxation times for He in microscopic bubbles in 1-yr-old Pd H062
have been measured in the range 100-320 K. The results provide evidence for the melting of He in the
range 200-280 K and for He diffusion in solid He below 200 K. The observed melting temperatures
give a mean He-atom density, from which the ratio of He atoms to host-atom vacancies is found to be
2.0. An activation energy for He diAusion has been obtained and its relationship to the observed mean
melting temperature is compared with that found in bulk He at much lower densities.

PACS numbers: 64.70.DV, 62.50.+p, 67.80.Jd, 67.80.Mg

Inert gases are virtually insoluble in metals; upon in-
troduction into a metal (e.g. , by ion implantation) they
precipitate and form microvoids or "bubbles. " At am-
bient temperature, these inert-gas bubbles grow by
athermal processes rather than by absorption of thermal
vacancies. Hence the growth process is driven by gas
pressure, which is thus considerably greater than the
equilibrium pressure (=1 GPa) required to balance the
surface tension of the bubble. Transmission-electron-
microscopy (TEM) studies showing bubbles of solid Xe
and Ar in Al at room temperature, ' and solid-to-gas
transitions of Kr in Ni and in Cu above 600 K provide
dramatic evidence for the existence of highly overpres-
sur ized bubbles. The greatest technological interest,
though, is with He in metals, which has a fairly extensive
literature. Unfortunately, because of the low-scattering
power of He, TEM has not provided information on the
physical state of He within bubbles. uv-absorption-
spectroscopy studies suggest that He bubbles in Al
solidify upon cooling to about 150 K, but the current
overall picture for the density and physical state of He in
metals —based on a variety of experimental techniques—is confused, with a wide range of reported densities
and no clear evidence for a solid-to-gas transition.

Nuclear-magnetic-resonance (NMR) studies of bulk
He show that while atomic exchange is important for

relaxation in the bcc structure, it is inconsequential for
pressures above about 10 MPa (where the solid is hcp).
In the latter case, modulation of the dipolar interaction
by vacancy motion dominates He spin relaxation. The
temperature dependence of the spin-lattice relaxation
time (T~) is here well described by the classical Bloem-
bergen, Purcell, and Pound (BPP) formulation, exhibit-
ing the characteristic (frequency dependent) minimum.
When melting occurs, Tl increases by 2 to 3 orders of
magnitude, thus providing a clear indication of the phase
change. The observed bulk relaxation behavior suggests
that He relaxation-time measurements might yield
valuable information relating to the physical state and
dynamics of He within bubbles, provided that NMR sen-
sitivity limitations can be overcome and that the bulk
mechanisms are not obscured by wall eAects. Ion irn-

plantation of He can be used to prepare samples for
NMR investigation, ' but it is difficult to attain an ade-
quate total spin count. An alternate approach is to syn-
thesize a metal hydride with use of tritium ( H, which
decays with a half-life of about twelve years, giving He
as a stable product). This latter method provides homo-
geneous He deposition and avoids the direct displace-
ment damage caused by ion implantation. " However, it
requires handling hazardous radioactive material and
waiting for a sufficient number of He spins to form.
Previous NMR studies of He in metal tritides ' pro-
vide very little information about the physical state of
He, but these studies were limited to older samples
where appreciable release of He from the lattice had oc-
curred, presumably a consequence of extensive lattice
damage. Ideally, one would like to study a metal tritide
old enough to give a He-spin count sufficient for practi-
cal NMR signal-averaging methods, yet not so old that
He release is occurring. Depending on the tritium densi-
ty of the NMR sample, 5-15 months of aging should
satisfy these criteria.

This article presents NMR evidence, relating to He
produced by triton decay in 1-yr-old palladium tritide,
for a BPP minimum below 200 K and for a solid-fluid
phase transition in the range 200-280 K. Palladium is
an ideal system for the present study because (i) the
physical properties of palladium hydride have been
thoroughly investigated, ' (ii) the magnetic properties of
Pd nuclei (small gyromagnetic ratios) and of bulk palla-
dium hydride (small magnetic susceptibility) should sim-
plify interpretation of He NMR measurements, (iii)
pressure-composition-temperature characterization of
the Pd- H system is fairly extensive, " and (iv) TEM im-

aging of He bubbles in 66-day-old Pd H06 provides in-
formation about bubble size and density. '

The Pd material used in the present study consists of
spherical particles in the size range 75-150 pm. Chemi-
cal analysis reveals insignificant concentrations ((10 at.
ppm) of possible paramagnetic impurities (0, Fe, Mn).
Preliminary proton T& measurements on a protide of this
Pd show that dilution with an insulator (A1203) has little
effect on signal intensity per gram of Pd. Thus, 2.42 g of
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undiluted Pd was placed in an NMR sample tube (this
gave near-optimum filling within the coil region), loaded
with about 0.1-MPa tritium gas, and stored at room
temperature. The initial composition was determined
from P V -Tm-easurements to be [ H]/[Pd] =0.62.
NMR spin-counting techniques show only about 30% of
the expected total number of H spins in the sample.
This shortfall is due to skin effect' (the particle diame-
ters are 2-3 times the skin depth at 25 MHz).
Signihcantly, though, the He- to H-spin ratio after one
year of aging agrees closely with the predicted ratio, im-

plying that the He NMR results described below are
representative of all the He born in the lattice. (The
NMR system used in the present study has been de-
scribed elsewhere. ')

Figure 1 shows the temperature dependence of T] and
Tq (spin-spin) relaxation times at a Larmor frequency of'

25 M Hz for He in 1-yr-old Pd Ho 6z. The abrupt
change in T~ near 220 K, by almost 1 order of magni-
tude, is strong evidence for a phase transition. Actually,
there is a region of coexistence between 200 and 280 K
where the time dependence of the magnetization
recovery is well described by a sum of two exponentials
corresponding to varying relative amounts of the two
phases. (Analogous behavior has been observed ' near
the melting point 1'or bulk 'He. ) Outside the coexistence
region, the recovery is ostensibly exponential. The ob-
served range of melting temperatures (T ) is consider-
ably larger than what would be expected for isochoric
melting of He at a single density'; it most. likely reflects
a distribution of densities for the ensemble of bnbbles.
From the observed melting curve' for bulk He between

100 and 350 K, we infer bubble pressures ranging from
6.0 to 11.0 GPa corresponding to 200 & T & 280 K.
Using a high-pressure equation of state developed' for

He (the isotope effect is small' ), we obtain from these
bubble pressures a range of densities from 0. 18 to 0.22
mole/cm . The ratio of He atoms to host-atom vacan-
cies (given by the product of He density with the host-
atom volume for Pd H06q, where the latter quantity is

assumed to be the same as that for the corresponding
protide' ) is found to be 2.0+ 0.2. This ratio is in good
agreement with results for He in Ta H„based on dila-
tometry measurements, ' and also with a recent theoreti-
cal prediction, thereby supporting our interpretation.
The low-temperature phase in Fig. 1 shows a distinct
minimum for T~, by analogy with bulk hcp He, we at-
tribute this to He-vacancy difTusion in solid He. T] re-
sults at 45.7 MHz (not shown) are qualitatively con-
sistent with the predictions of BPP theory concerning
frequency dependence (i.e. , the minimum shifts to higher
temperature and the magnitude of T ~ near the minimum
scales with frequency). BPP analysis of the low-

temperature 25-MHz T] data yields the He jump fre-
quency (r, ') results shown in Fig. 1, and an activation
energy for He-vacancy motion (W) of 370 ~ 40 K
(0.032 eV). The T2 data shown in Fig. 1 give a value for
W of 330~ 100 K. According to BPP theory, the mag-
nitude of T~ at the minimum is proportional to density
squared (with a proportionality constant nearly indepen-
dent of structure) '; this relationship gives a 'He densi-

ty of about 0.13 mole/cm . The discrepancy between the
He density obtained from the BPP analysis and that

from T is not surprising, given that the observed distri-
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FIG. 1. Temperature dependence in 1-yr-old Pd Ho 62 of
He T& (filled circles) and T2 (filled squares) relaxation times

at 25 MHz (left-hand scale); and of He jump frequency r, '

(filled triangles) obtained from BPP analysis of TI (right-hand
scale). The TI data set includes 99%-confidence-interval error
bars. Note that the left-hand scale is broken.
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FIG. 2. Melting temperature (T ) and He-vacancy activa-
tion energy (IV) as a function of molar volume in He. Open
circles, W from NMR data of Ref. 6; open squares, T from
He melting curve (Ref. 18) and pressure vs molar volume

[linear interpolation based on two points from Ref. 8(a)]; filled
circles and filled squares, 8' and T from present study. The
dashed line serves as a guide to the eye.
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bution of densities implies a distribution of activation en-
ergies for vacancy diffusion. It can be easily demon-
strated that in such a case, BPP analysis of T~ and Tp
based on the assumption of a single density will substan-
tially underestimate both mean density and mean activa-
tion energy. Moreover, for reasonable distributions, re-
laxation times will appear exponential over the limited
range of experimentally accessible sampling intervals for
magnetization recovery. Measurement of the dipolar
rigid-lattice second moment ' would provide a more
direct NMR determination of mean density. However,
this will require liquid-helium temperatures and im-
proved receiver recovery characteristics. Using the
present determination of mean density for He within
bubbles, together with the bubble density obtained from
a TEM study' of 66-day-old Pd Ho 6 (there is evidence
that in Zr H& 6, bubble density saturates within one or
two months '), we obtain for 1-yr-old Pd Ho6q, a mean
bubble diameter of 4 nm and a mean bubble occupancy
of 4x 10 atoms.

Figure 2 shows W and T as a function of molar
volume and compares the present results with results
from an NMR study of bulk hcp He. There is evi-
dence that for vacancy diffusion W scales with T;
however, direct proportionality over the range of T
shown in Fig. 2 would be surprising. As discussed ear-
lier, though, the magnitude of W obtained in the present
study is probably a lower bound, so that the true scaling
is more nearly linear than depicted. At any rate, the im-
portant point of Fig. 2 is the correlation of properties of
He in palladium tritide with those of bulk He, which

provides strong support for our interpretation of the
NMR data shown in Fig. l. If the present interpretation
is essentially correct, then Fig. 2 represents a remarkable
range of molar volumes for which information about He
dynamics in solid He is available.
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