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The nuclear-resonant-photon-scattering technique was utilized to monitor the iron binding properties
in the intermetallic Zr(AlL, Fe,_, ), system. The *Fe isotope scatters elastically 8.512-MeV ¥ rays emit-
ted by a Cr(n,y) source. An experimental comparison of the scattered intensity from the different com-
pounds reflects the corresponding variation of the iron cohesion properties. The experimental results
were quantified by evaluating the mean vibrational kinetic energies or effective temperatures, T,, of the
resonant iron nuclei in the specific compounds considered. The **Fe effective temperature at room tem-
perature was found to be 350(10), 337(16), 309(15), and 358(17) K for x =0, 0.083, 0.2, and 0.5, respec-
tively. The results indicate clearly a minimum of the Fe bonding strength in the Zr(Al,Fe,_,), com-
pounds at x =0.2. This minimum correlates nicely with the maximum hydrogen absorption in the above
intermetallic system, which may be therefore considered to provide further support for the rule of re-
verse hydrogen absorption capacity. The conclusions of the present study are utilized to indicate ways
for tailoring hydrogen absorption behavior in certain cases.

I. INTRODUCTION

A considerable effort has been spent during the last
years! ~® to examine and improve the experimental feasi-
bility of the nuclear-resonant-photon-scattering (NRPS)
technique for investigating the bonding properties of
specific metal elements in compounds. The application of
this technique to the study of solids in general and metal
hydrides in particular was reviewed in Refs. 7 and 8, re-
spectively. The measuring principle is based on an ac-
cidental overlap between an incident discrete y line and a
scattering nuclear level, and on a sensitivity of the reso-
nantly scattered radiation to the relevant atomic bonding
forces. These forces determine the mean atomic kinetic
vibrational energy and therefore the Doppler broadening
of the scattering level. The vibrational energy is ex-
pressed in terms of the atomic effective temperature,
defined and introduced by Lamb’ under the assumption
of harmonic forces and periodicity, and incorporates the
zero-point energy contribution. A list of most of the
known resonant nuclei, suitable for such a research, is
given in Ref. 3. Details about the mathematical analysis
of NRPS results may be found in Ref. 10.

In this work we derived the effective temperature of
iron in the Zr(Al,Fe,_,), (x =0, 0.083, 0.2, and 0.5)
compounds by analyzing the resonant scattering of
8.512-MeV ¥ rays by the isotope °Fe. The y source was
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generated by the Cr(n,y) reaction. It has been previously
found!! that this scattering process exhibits a significant
temperature effect, namely that the scattering intensity
drops by approximately 10% when the temperature of
the iron scatterer is reduced from 296 to 80 K. This
feature makes °Fe a suitable probe’ for investigating the
iron cohesion properties in different compounds. An
evaluation of the effective temperatures required a
knowledge of the resonant nuclear parameters— natural
radiative widths, energy separation between the incident
v line and the excited nuclear level, and a statistical fac-
tor depending on the spins of the resonance and the
ground state. As not all of these have been previously
determined, we derived in the course of the present work
those parameters necessary to accomplish the analysis of
the results. Preliminary results, reporting a variation of
the resonantly scattered intensity by *°Fe in some of the
above compounds, are given in Ref. 6.

The present research was partly undertaken in order to
confirm a trend found in LaAl, Nis_, (0=<x =1.5) com-
pounds,” where the resonantly scattered intensity of
7.646-MeV ¥ rays by %2Ni revealed a distinct variation of
the nickel bonding properties with x. The results indicat-
ed that the weakest binding of the Ni atoms occurs in the
LaAl, ,sNi, ;5 intermetallic, followed by a gradual
enhancement of the Ni bonding strength with increase of
the aluminum content. It was suggested that this bond-
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ing strength enhancement is the basis for the decreased
hydrogen capacity!? of the Al-rich LaAl,Ni;_, com-
pounds. Consequently, a rule of reverse capacity’ (RRC)
was formulated. It states that the hydrogen absorption
capacity of isostructural intermetallic compounds may
decrease with increase of the lattice rigidity and vice
versa—it may increase when softening of the lattice
occurs. The LaAl Nis_, system demonstrates the first,
but not the second part of the RRC, as the softening for
x =0.25 with respect to x =0 is not accompanied by an
increase of the hydrogen capacity. This behavior is attri-
buted to the high hydrogen capacity of the LaNi; com-
pound so that any further increase is limited by other fac-
tors such as repulsion between close hydrogen atoms.
For a more comprehensive demonstration of the RRC, it
was suggested® to investigate the bonding properties of
the Zr(Al Fe,_, ), system. Its end members, ZrFe, and
ZrAl, virtually do not absorb hydrogen, while the com-
pounds around x =0.2 exhibit a maximum of the hydro-
gen absorption capacity.!> It is therefore of interest to
determine if a softening in the metal system exists for x
values around 0.2 with respect to the surrounding com-
positions.

II. THEORETICAL REMARKS

The intensity, C(T,0), of the scattered radiation at
temperature T and angle 0 is determined by the overlap
between the incident ¥ line and the excited nuclear level.
C(T,0) depends on the nuclear parameters I, T, 6, g of
the level, on the effective temperatures T, and T, of the
resonant nucleus, and the (n,y) source, respectively. In
the case of a very thin scatterer, C(T,0) is proportional
to the effective resonance scattering cross section, o(T),
averaged over all the possible y-ray energies:

o(T)=f(T,T,8,8,T,,T,) . (1)

I' and T’ are the total and the partial ground-state radia-
tive widths, respectively, 8§ is the energy separation be-
tween the incident ¥ line and the resonance level, g is a
statistical factor depending on the spins, J and J, of the
resonance and the ground states, respectively. In the case
of a thick scatterer, thickness corrections should be per-
formed in C(T,6) in order to account for the y-ray ab-
sorption. The explicit forms of C(T,6) and o(T) are
given elsewhere.!” In many cases it is convenient to uti-
lize experimentally measured ratios R:

R(AS APT,,T,,0)=C(A°T,,0)/C(4°,T,,0). (2

A€ and AP denote an element A in some chemical, ¢ and
p, forms, respectively. Equation (2) may be useful in
deriving the effective temperature T,(A€T,) provided
all the nuclear parameters and T,(A47,T,) are known.
Nuclear parameters may also be determined with the aid
of R ratios under certain conditions. The effective tem-
perature T, is related to the phonon frequency spectrum
by
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e=kT,= fow n(v,T)hvg(v)dv ,

1 1
exp(hv/kT)—1 + 2

(3)
niv,T)=

€ is the mean energy per mode of vibration in the har-
monic approximation and g(v) is the normalized phonon
frequency distribution of a specific atom. The mean ener-
gy ¢ includes also the zero-point energy. In the harmonic
approximation the mean kinetic (or potential) energy per
vibrational mode equals exactly half of the corresponding
total mean energy ¢.

III. EXPERIMENTAL DETAILS
A. Target preparation

The Zr(Al Fe,_, ), (x =0, 0.083, 0.2, and 0.5) samples
were prepared in an arc furnace under argon atmosphere
by melting the weighted fractions of the pure (99.9% or
better) metals on a water-cooled copper hearth. The
Laves phase cubic structures of these intermetallics were
confirmed by x-ray diffraction, and were in good agree-
ment with previously published results.!*!* Samples,
weighing about 200 g, were crushed into powder and in-
troduced into specially designed plastic holders of 6-cm
internal diameter. Measurements were always performed
in pairs. One of the constituents of the pair consisted of
an intermetallic compound alone. The other member of
the pair consisted of another intermetallic compound,
containing the same amount of Fe, to which elemental
zirconium and aluminum powders have been added so
that the two members of the pair were identical in com-
position by weight. Special care was also taken to form
homogeneously distributed specimens. ZrFe, was the
reference sample for the two Zr(Al Fe,_,), (x =0.083,
0.2) specimens. Zr(Al,,Fe 3), and Zr(Al, sFe, 5), consti-
tuted another pair as it was easier to achieve homogenei-
ty for closer compositions. Using such targets, all correc-
tions due to atomic attenuation and multiple photon
scattering within the sample are eliminated. Another
sample holder was filled with pure Zr, Al, and Mn
powders of comparable weights for background subtrac-
tion purposes. We were able to keep the geometrical
thicknesses of the different samples nearly identical
(about 18 mm) by applying moderate pressures on the
metal powders when necessary. Additional comparison
was done between ZrFe, and a mechanical mixture of
pure zirconium and iron powders. In this case we added
organic powder to expand the ZrFe, sample and thus ob-
tain equal thicknesses of the two specimens.

B. 7y resonant scattering setup

The targets were placed in a photon beam obtained
from the Cr(n,y) reaction utilizing thermal neutrons
from the Israel Research Reactor-2. The y source con-
sisted of several chromium discs inserted along a tangen-
tial beam port near the reactor core. The incident y
beam is collimated along a distance of several meters and
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then impinged upon the target situated in an experimen-
tal lead chamber. The neutron flux of about 2X 10'3 neu-
trons cm ™~ 2sec”? yields an intensity on the target of
about 10° photons cm ~2sec ! per strong single ¥ line. A
more detailed description of the measuring facilities uti-
lized for the y-ray resonance scattering experiments per-
formed at the Nuclear Research Center-Negev may be
found in Refs. 10 and 15. Figure 1 presents a schematic
description of the experimental facility.

The scattered photons from the targets were detected
by a 130-cm® HPGe detector of 27% efficiency, and a
smaller 40-cm?® Ge detector, both placed at backward an-
gles with respect to the incident ¥ beam. The scattered
intensities in each pair of targets were compared by inter-
changing samples at approximately constant time inter-
vals. Care was taken to ensure that the samples were ex-
actly in the same position with respect to the incident
photon beam. In addition, the homogeneity of the tar-
gets was monitored by rotating them subsequently
through 90° in a plane perpendicular to the im-
pinging photons. Background measurements were car-
ried out utilizing the Zr-Al-Mn mixture.

In order to determine some of the nuclear parameters
of *Fe, a similar setup was utilized to compare the reso-
nant scattering intensities of massive iron and copper disc
targets. They scatter resonantly neighboring (see below)
v lines from the Cr(n,y) source. The 8.512-MeV scat-
tered photon intensity by *°Fe was also measured at tar-
get temperatures of 12, 296, 573, and 673 K. The cooling
was achieved by utilizing a cryostat, and heating was per-
formed by an electric current flow through a resistance
wire located on the target circumference.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Determination of the nuclear parameters
of the *°Fe 8.512-MeV level

Some of the nuclear parameters, namely the branching
ratio I'y/T" and the statistical factor g of the °Fe 8.512-
MeV level are known from a previous study.!! The
knowledge of two more parameters, namely I" and §, was
necessary for quantifying our experimental results in
terms of effective temperatures. Two independent experi-
ments were therefore carried out. In one of them we
determined the effective elastic cross section for the
Cr(n,y)-SGFe 8.512-MeV resonance scattering process by
comparing its intensity to that of the Cr(n,y)-Cu

8.484-MeV resonance event. The copper effective scatter-
ing cross section is known from a previous work'® to be
(205+26) mb. The comparison yielded

0(296 K)=(0.66%0.22) mb

for the Cr(n,y)->’Fe resonance scattering. The result was
obtained after taking into account and eliminating the
factor of atomic self-absorption. The second experiment
provided measured intensity ratios of the type given in
Eq. (2) for pure iron at three temperature sets. The refer-
ence temperature in all three sets was always 296 K
(room temperature), and the second temperature was set
either to 12, 573, or 673 K. Table I presents the mea-
sured R(Fe,T,,296 K, 135°) ratios. Fe stands for pure
iron and for brevity it appears only once in R. Back-
ground was subtracted after measuring nonresonant scat-
tered radiation by a Co target.

The total radiation width T of the 8.512-MeV **Fe nu-
clear level and its energy displacement 6 from the corre-
sponding incident ¥ line of the Cr(n,y) source were deter-
mined by plotting the experimentally derived scattering
cross section o and temperature effects R in the I'-§
plane. Figure 2 presents such a plot for 0(296 K)=0.66
mb and R(Fe, 673 K, 296 K, 135°)=1.522. The 0 and R
curves in the figure are the geometrical loci of I' and 6
pairs yielding the given 0.66 mb and 1.522 values, respec-
tively. Figure 2 clearly indicates the existence of only one
intersection point between the two curves. Similar inter-
section points were obtained with the two additional tem-
perature effect values (see Table I). These intersections
determine the T and & values of the 8.512-MeV ¢Fe lev-
el:

'=(0.671+0.10) eV, 6=(44%1) eV .

Previously derived parameters'! were utilized for obtain-
ing these plots, namely a branching ratio I'3/I"'=0.3, and
a statistical factor g =(2J +1)/(2J,+1)=3 for J =1 and
Jo=0. The source effective temperature T'¢ was approxi-
mately 440 K. The effective temperatures of the resonant

TABLE 1. Measured (+0.015) intensity ratios R(Fe,T,296,
K, 135°) for 8.512-MeV v radiation from Cr(n,y) source, scat-
tered resonantly by Fe in a pure iron target of 0.8-cm thick-
ness.

T, (K)
R(Fe,T,296 K,135°)

10 573 673
1.323

0.895 1.522
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FIG. 2. Determination of the total radiation width I of the
8.512-MeV nuclear *Fe level, and the energy distance & of this
level to the incident ¥ line from the Cr(n,y) source. The inter-
section of the R(Fe, 673 K, 296 K, 1359=1.522 and
(296 K)=0.66 mb curves (see also text) in the I"-8 plane yields
the desired values.

scatterer at the different temperatures were estimated by
utilizing the Debye approximation g(v)=23+v?/v3},, thus
reducing Eq. (3) to

3
8

3
Op/T 43

T
fo expx——ldx'

o, 4)

T,==@,+3T

It should be stressed that the intersection points (T',5)
were almost not sensitive to the choice of the Debye tem-
perature ®,, of iron. A variation of ®, between 390 and
480 K did not influence significantly our results. The
determination of I' and § may therefore be regarded as
independent of the effective temperature of the scatterer
in the present case. This behavior is attributed to the
large § value in the particular case studied here.

B. Determination of T, of iron
in the Zr(Al, Fe,_, ), compounds (x =0,0.083,0.2,0.5)

The scattered intensity I from the various resonant tar-
gets was obtained by integrating over all counts in the en-
ergy range E =7.0-8.6 MeV. The results were analyzed
using the measured ratio R defined in Eq. (2):

R, =R(Fe,Fe/,296 K,296 K, 135°)
=(I,—B)/(I,—B), )

where i and j denote different compounds or pure iron.

The same background B appears in the nominator and
denominator, as the two scattering targets contained ex-
actly the same quantities of the elements (see above).
These experimental measures guarantee that the R values
reflect directly the relative bonding strength of the iron
atoms in states i and j, as this is the only difference be-
tween the two targets. A detailed calculation was made
to check the influence of relatively small variations in the
thickness of the various targets on the resonantly scat-
tered intensity for the particular scatterer-detector
configuration. It was found that a 10% variation in the
thickness, while the overall material quantities are kept
constant, causes approximately 0.1% variation in the cor-
responding resonant scattered intensities (RSI). This is
much less than the observed effects or the experimental
errors reported below. On the other hand, it appeared
that a significant RSI reduction of about 1% was caused
by the blank organic material added to compensate the
large volume differences for the ZrFe,-Zr+2Fe pair. A
corresponding correction was done in this case. Table II
presents our measured resonant scattered intensity ratios
R. The experimental errors were determined by consid-
ering the ratio of the dependent variables in Eq. (5).

Our measurements enable us to evaluate the effective
temperatures T, of the resonant nuclei in the specific
compounds considered. Equations (1) and (2) were em-
ployed for this evaluation by utilizing the measured R ra-
tios, the known nuclear parameters, I', Iy, §, J, J,, and
the T, value of pure iron. The latter is obtained from Eq.
(3) by substituting into it the phonon frequency spectrum
of elemental Fe, derived from neutron inelastic data.!’
The detailed expressions used in Egs. (1) and (2) may be
found in Ref. 10. The calculated T, values are also listed
in Table II and plotted in Fig. 4. Additional experimen-
tal errors are introduced by normalizing all the figures to
the same reference point, namely pure iron. The results,
presented in Figs. 3 and 4 and Table II, indicate a
significant decrease of the iron cohesion in the
Zr(Al, Fe,_, ), system with the increase of the aluminum
content from x =0 to x =0.2. A further increase of the
Al composition to x =0.5 causes a rise in the Fe bonding
strength. This behavior is demonstrated by the T, se-
quence 350 K—309 K—358 K, and indicates a good
agreement with the prediction of the RRC, i.e., the in-
crease of the bonding strength for all x values with
respect to x =0.2 correlates nicely with the large de-
crease of the hydrogen capacity in Zr(Al Fe,_, ), from a
maximum of 3 H atoms in Zr(Al, ,Fe, 3), to 0.5 and 1.25
H atoms in ZrFe, and Zr(Al, sFe, s),, respectively.'>!®

TABLE II. Measured resonant scattered intensity ratios, R [see Egs. (2) and (5)], of the 8.512-MeV y
line at room temperature, normalized to iron in ZrFe, for thicknesses 1.8-3.6 (g Fe)/cm?. The
Zr(Al, Fe,_, ), compounds are characterized by their x values. The corresponding effective tempera-

tures T, are also presented.

Sample

(x) Fe 0 0.083 0.2 0.5
R 0.983+0.008 1 0.990+0.007 0.972+0.007 1.006+0.01
T, (K) 327 350+10 337t16 309+15 358+17
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sity (RSI) by *Fe in the different Zr(Al, Fe,_,), compounds,
x =0, 0.083, 0.2, 0.5, normalized to ZrFe,.

C. Comparison with Mdssbauer and other experiments

Another important result of the present work is that
we were able for the first time to compare NRPS results
with those of another microscopic technique, as the
Mossbauer effect was utilized to study the iron cohesion
properties in the Zr(Al Fe,_, ), system by way of the
recoilless absorption in >’Fe.!® Debye temperatures were
derived by analyzing recoil free fraction ratios at three
temperature sets. It should be stressed that the effective
temperatures T, obtained in the present work, are less
model dependent than the Debye temperatures ®; evalu-
ated from the Mossbauer experiment. The Debye model
was not applied for deriving T,, but has been obviously
used in the relevant Mossbauer analysis. Nevertheless,
both T, and @ reflect the iron bonding strength in the
compounds studied. Figure 4 exhibits also ©)
Mossbauer values, derived from one temperature set,®
for those intermetallics investigated in the present work.
The T, and ® trends, demonstrated in Fig. 4, reveal a
very good qualitative agreement between the results of
the two techniques. The minimum of the iron bonding
strength at x =0.2 is indicated in both experiments. We
stress once again that NRPS results for specific metal
cohesion properties in compounds are directly compared
with another technique, and supported by it. On the con-
trary, no minimum in the cohesion properties of the
Zr(Al,Fe,_,), was observed macroscopically by measur-
ing the heats of formation? of this system. This em-
phasizes the importance and the ability of the NRPS
technique to provide a unique microscopic insight in cer-
tain compounds.

To the best of our knowledge the observed minimum of
the atomic bonding properties is the only prominent
correlation with the measured maximum of the hydrogen

0.0 0.1 02 0.3 04 05

X

FIG. 4. Effective temperatures T, in the Zr(Al, Fe,_, ), com-
pounds, x =0, 0.083, 0.2, 0.5, derived in the present work and
the corresponding ® values obtained from a Mossbauer exper-
iment (Ref. 19).

absorption capacity in the Zr(Al,Fe,__ ), system. These
Laves-phase compounds exhibit a smooth transition from
the cubic MgCu,-type to the hexagonal MgZn,-type
structure at x =0.25, i.e., the two structures are closely
related to each other. Their lattice cell volume per for-
mula unit, interatomic distances and hence the size of the
interstitial sites, available for hydrogen occupation,
change continuously and monotonically throughout the
whole x range between 0 and 1. We cannot exclude the
possibility of stabilizing the metal lattice by the hexago-
nal structure, but there is no reasonable evidence for a
direct correlation between the cubic or the hexagonal
configuration and the H absorption properties. The in-
dependence of the hydrogen absorption capacity on the
above cubic-hexagonal transition is probably best demon-
strated by the identical hydrogen absorption in the two
allotropic Laves-phase forms of ZrCr,. 21 It may be noted
in passing that a good phenomenological fit has been ob-
tained for the hydrogen capacity of Zr-based Laves-phase
pseudobinary systems'*?? by considering clusters com-
posed by a Zr atom and its twelve nearest neighbors.
This indicates the importance of short-range neighboring
effects which probably influence the atomic bonding
strengths. It is worthwhile to mention also the probable
randomization of the Al and Fe positions in the lattice of
Zr(Al Fe,_, ), implied by the measured linear relation-
ship of the relevant enthalpies of formation over most of
the range of x.2° Additional support for the significance
of our results was recently found in a work?® stating that
the hydrogenation behavior of the LaAl Nis_,
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(0<x <1.5) compounds, all of which crystallize in the
hexagonal CaCus-type structure,'? is different for x
greater or smaller than 0.25. This is exactly the composi-
tion at which a minimum in the Ni bonding strength was
previously found for this system.’

V. SUMMARY

In summary, we found in this work a distinct variation
of the iron bonding strength in Zr(Al Fe,_,),
(0<x <0.5) compounds by utilizing NRPS from *°Fe.
This variation was quantified in terms of effective temper-
atures. The observed behavior of the T, in the above sys-
tem closely resembles previous results on the bonding
strength of Ni in LaAl,Nis_, (0=x <1.5) compounds.
We thus regard the present work as a confirmation and
evidence that the observed effects are not an isolated or
fortuitous phenomenon. It is consequently suggested that
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systems, such as ThAI Nis_,,** Er(Co,Fe,_,),* and
Zr(Al,Co,_, ),,'* exhibiting maximum in their hydrogen
absorption capacity, would reveal similar bonding prop-
erties as the currently studied compounds. The present
research may have important consequences in indicating
ways for tailoring initiation or inhibition of hydrogen ab-
sorption in certain cases. For example, we believe that
softening the bonding strength of one or more constitu-
ents in the very stable,?® hydrogen-inert intermetallics
ZrPd, (Refs. 27 and 28) and UPd, (Ref. 29) by proper al-
loying will cause them to absorb hydrogen.
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