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Electric-field gradients at the Zr sites in ZrsFe: Measured using perturbed-angular-correlation
spectroscopy and calculated using band theory
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We have measured the electric-field-gradi€BEG) parameters/,, and » and their temperature depen-
dences at the two Zr sites in the intermetallic compoungF&using perturbed-angular-correlation spectros-
copy and the prob&Hf—81Ta, At temperatures below the peritectic transformatior-4158 K, at each Zr
site, we observed well-defined EFG'’s, characterized by sharp spectral lines. A high-frequency, very asymmetric
nuclear electric-quadrupole interaction characterizes the first Zr site, which represents approximately one-third
of the probes. A low-frequency, nearly axially symmetric nuclear electric-quadrupole interaction characterizes
the second Zr site, which represents approximately two-thirds of the probes. Near and above the peritectic
transformation, the results show the effects of the decompositions6kZnto Zr and ZgFe and subsequent
melting. We have compared the values\6f, and » measured at laboratory temperature to those calculated
using the first-principles, self-consistent real-space linear muffin-tin atomic sphere approxi(R8iuMTO-

ASA) band-theory method. Overall the magnituded/g$ and » calculated using the RS-LMTO-ASA method
agree reasonably well with the experimental values.
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INTRODUCTION EXPERIMENTAL METHODS

In contrast to ordinary alloys, binary intermetallic com- . To investigate the physics of defects and phase equilibria

: . in th mpounds, w rturbed-angular-correlation
pounds, such as gf¥e, consist of crystals that have two dis- these compounds, we use perturbed-angular-correlatio

tinct sublattices, and thus these compounds exhibit Iong(-PAC) spectroscopy, because with it we can observe local

range chemical order. The atomic-scale environments aroun{sﬁructur?l chargeg that accomlpa'ny phage transformations via
the atoms occupying these sublattices often differ signifi- € nuciear eectrlc-quadrupo_e mtgractlon. In recent years,
cantly, because these structures usually have low symmetz?()”'nS and co-workers have investigated the thermodynam-
A consequence of the long-range order and the low symmdCs Of defects in a variety of intermetallic compour‘f&and _
try is that the physical properties of these compounds ar¥® haveGeprored the eff(_acts Qf defects on mag_netllc ordering
very sensitive to the presence of defects and dopants arld ZrFe.” The PAC technique is based on substituting a rela-
deviations from stoichiometry. Moreover, these featuies tively low concentration of a radioactive probe atom, in this
long-range order and low symmetrynake intermetallic ~case'®Hf—'®'Ta, into a well-defined site in a crystal. Be-
compounds good systems in which to investigate the kineticéause the chemistries of Hf and Zr are very similar, the probe
and thermodynamics of defects and physical properties sucl{’Hf—8Ta substitutes into the Zr sites in J&e. This
as magnetic ordering and phase equilibria. probe can be added at relatively low leveis).1 at. % Hf, so

In addition to being important as model systems in thesdhat it does not measurably alter the global properties of the
areas of fundamental physics, the Zr-Fe intermetallics haverystal.
technological importance, because they can be used as hy- Because of this sensitivity, PAC spectroscopy provides a
drogen storage materidlsand because they appear asunique means to investigate the nanometer-scale effects of
second-phase particles in Zircaloy nuclear fuel cladding.local crystal fields at the Zr site in gfe. Figure 1 presents a
The stability of these second-phase patrticles affects the irdiagram of the orthorhombic R8-type crystal structure of
reactor behavior of the alloy. To understand the response &rsFe, which is stable from laboratory temperature to the
these phases to the effects of irradiation, it is necessary tperitectic temperature of approximately 1158 Khe ZiFe
understand the energy barriers associated with the transpatructure has two crystallographically distinct Zr sites. Be-
of defects, which control th situ annealing behavior of the cause the nearest-neighbor environments around these two
material. Thus, to improve the technology associated witlsites differ significantly, we measured the corresponding
these intermetallics, we seek to better understand the physietectric-field gradienEFG’s) to determine their temperature
of defects and the phase equilibria of these compounds. dependence and the corresponding changes that accompany a
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23-27 at. % Fe { 0.08<z<0.08).” After the heat treatment,
[100] we confirmed that the radioactive samples consisted of a
single phase using x-ray diffraction. The indexing was con-
sistent with the ReB-type orthorhombic structure reported
previously”®1°The samples were sealed in Ar-filled fused-
silica tubes prior to performing the PAC measurements.

The PAC spectrometers are equipped with f@8aF, or
CsB scintillation detectors that give a nominal time resolu-
tion of 0.8—1.0 ns full width at half maximum for therays
emitted in the decays of'Hf. Samples were maintained at
elevated temperatures using simple furnaces, which were
controlled to £2 K. The perturbation functiong,,G,,(t)
measured below 1100 K were analyzed using a two-site
model for static nuclear-electric-quadrupole interactions tak-
ing place in a polycrystalline sample:

—AGo(1)

2 3
:jz]_ AJ SO+|(Z]_ Skexq—éjwjkt)cos{wjkt) +A3.

1

FIG. 1. The orthorhombic crystal structure of;Ze; Fe atoms W

are dark and Zr atoms are ligtadapted from Ref. )7 HereAl andA2 are the normalization faCt0r§,1 and 52 are

the Lorentzian line-shape factors that correspond to static
high-temperature transformation. Above the peritectic temiine broadening, and; takes into account both the effects of
perature, the ZfFe compound separates into two phases: they rays that are absorbed in the sample en route to the detec-
intermetallic compound ZFe (which exhibits an AJCu-type  tors and the long-time behavior of the fraction of probe at-
body-centered-tetragonal C16 strucjurand hexagonal oms that are not located in a well-defined chemical environ-
close-packed-Zr. Above 1200 K, this mixture melts eutec- ment. The site-occupancy fractions are represented;by
tically to form a homogenous liquid phase. =Ai/(A;+A,+A3), i=1,2. The nonvanishing EFG compo-

We prepared samples of (Zr,Hf,)sFe, ;. , by arc-melting  nents V;; in the principal-axis system where the probe
the pure constituents under an Ar atmosphere. The purities @fucleus is at the origin are related to the quadrupole fre-
the starting materials, obtained from Goodfellow Corporaquency bywq=eQV,,/4l (21 —1)%, in which Q represents
tion, were 99.995% Fe and two Zr materials with differentthe electric-quadrupole momef®.51 b for the 8'Ta spin
impurity contents: 99.8% Zr and 97% Zmost of the impu-  1=(5/2) intermediate level. The perturbation functions mea-
rity content in Zr consists of Hf and vice versdo produce  sured above 1100 K were analyzed using phenomenological
the radioactive'®'Hf isotope via the'®Hf(n,y) reaction, a  expressions based on Ed).
small Hf wire was irradiated using the Penn State Breazeale
Reactor. The Zr metal and radioactive Hf wifeontaining
both the radioactive!®Hf and 8Hf carriery were first
melted together to give a homogeneous Zr-Hf solid solution. Figure 2 shows the perturbation functions and the corre-
This Zr-Hf mixture was then melted together with Fe metal.sponding Fourier transforms for az&e sample, measured at
Each sample was melted 3 times to help achieve overatemperatures ranging from laboratory temperature to just be-
compositional homogeneity. low the peritectic transformation temperatuiig,= 1158 K,

The resulting sample consisted of a mixture of phasesat which ZgFe transforms intoa-Zr plus body-centered-
mostly hexagonak-Zr and body-centered-tetragonal,Pe.  tetragonal ZsFe. These perturbation functions show rela-
After melting, the sample showed negligible mass loss andvely sharp line shapes, and for the perturbation functions
had a bright, shiny appearance. After the sample cools froomeasured from 298 to 1100 K, a two-site model, En,
the melt and arrives at the peritectic temperature of 1158 Kprovides an accurate representation of the measurements, and
the formation reaction of ZFe (Zr+Zr,Fe=ZrsFe) is very  for the perturbation function measured at 1150 K, a three-site
sluggish® This kinetic constraint causes the two phasesmodel provides an accurate representation of the measure-
stable at high temperature, to be observed normally after aiment.
cooling of the arc-melted sample. To transform the mixture For the perturbation functions measured at 298 and 700
of phases into the orthorhombic structure K, the Fourier transforms show three narrow peaks, which
[(Zr,_«,Hf)3Fe _,] the sample was heated under vacuumcorrespond to a low-frequency electric-quadrupole interac-
at 1073 K for 96 h, at 1023 K for 72 h, and then at 1000 Ktion (EQI) of about 250 Mrads!, characterized by a small
for 48 h? Two samples were prepared, one with 0.0024  (but nonvanishing asymmetry parameter. These Fourier
andz=—0.003 and one witk=0.041 andz= —0.01, which  transforms also show a broad peak around 900-1000
are well within the stoichiometry range reported fogZe of  Mrad s 1, which corresponds to a high-frequency EQI char-

RESULTS AND DISCUSSION
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sponding to the Zr interaction could be subsumed under
] those for the ZjFe interaction. Some line broadening and
FoA ] asymmetry in the peaks for thegFe interaction support this
3 f& [; ] explanation. Above 1200 K, the Fourier transforrfreot
e b shown show no discernible interactior(ge., there are no
5| #I 100 K ] peaks observed in the perturbation functigrshich is con-
0 ] sistent with sample melting.
: I} ’AX ] Figure 3 presents a summary of the parameters derived
N ] h /\ ] from the fits, which correspond to the two EQI's. As men-
nd : tioned above, the ZFe structure has two crystallographi-
: cally distinct Zr sites, which have a population ratio of 1:2
% ] and which we designate as “site 1” and “site 2,” respec-
1 [1 ] tively. The observed site-occupancy fractions reflect approxi-
1t ” § Qﬁ ] mately this ratio. Thus we can identify the high-frequency
/ ; site with site 1 and the low-frequency site with site 2. For the
3 ’\ 700K ] low-frequency EQI, as the temperature increases, the quad-
i | [\ : rupole frequencywq increases slowly and the asymmetry

0.14F
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0.06 |3
0.02¢
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parameter » remains relatively constant. For the high-
] frequency EQI, as the temperature increasgs,decreases
b o E and n decreases. For both EQI’s, the site-occupancy fractions
o B f remain invariant at~67% and~33% over the temperature
i\ ] range corresponding to the single phase afF&r
o f@ ] To obtain the EFG componeni4; from theory, we carry
mmmﬂ_é out nonrelativistic and non-spin-polarized electronic-
200 600 1000 1400 structure calculations using the first-principles, self-
t(ns) ®q (Mrad S'l) consistent real-space linear muffin-tin atomic sphere ap-
proximation (RS-LMTO-ASA) method'~*3 We calculated
FIG. 2. Perturbation functions and corresponding Fourier transthe EFG at a Ta nucleus located at both Zr sites in theeZr
forms measured on a sample of,Ze. For the temperatures from Structure (the *8!Hf nuclei decay to excited®Ta nuclei,
295 to 1100 K, the Fourier transforms show two well-definedwhere the EFG is measunedhe LMTO is a linear method,
nuclear electric-quadrupole interactions, and sharp spectral lineand its solutions are valid around a given enekjy, nor-
characterize the perturbation functions. The Fourier transform fomally chosen at the center of gravity of the occupied part of
1150 K shows a third interactiofwith peaks at approximately 1113 eachs, p, and d band. We use the von Barth and Hedin
and 1341 Mrads'), which corresponds to a high-temperature parametrization form for the exchange and correlation term
phase. of the energy potentidlt In the LMTO-ASA formalism,
space is filled with Wigner-SeitaVS) spheres centered at all
acterized by a high asymmetry parameter of nearly unity. Atomic sites. The potential is assumed to have spherical sym-
298 and 700 K, one broad peak represesnt@andw, for this  metry around each WS sphere. In real space, we work in the
interaction. At 903 K, we see a doublet, as the asymmetryprthogonal representation of the LMTO-ASA formalism and
parameter is somewhat lower. At 1100 K, one broad peakxpand the orthogonal Hamiltonians in terms of tight-
includes bothw; for the low-frequency interaction and;  binding parameters. Using the methods described in refer-
for the high-frequency interaction. The single peak to theences above and outlined in the Appendix, we obtain the
right represents, for the high-frequency interaction. These electronic wave functions from which we calculate the EFG
two sets of peaks represent two distinct interactions, whicltomponents.
correspond to the two Zr sites in &e. For the perturbation In Table I, we compare the results of the calculations to
function measured at 1150 K, the Fourier transform showshe measurements. The results of the calculations show that
two additional peaks(at approximately 1100 and 1350 the EFG at a Ta nucleus located on the Zr site 1 is directed
Mrad s ), which represent an EQI that corresponds to aparallel to the(001) axis of the crystal, whereas the EFG at a
high-temperature phase and which likely corresponds to th&a nucleus located on the Zr site 2 is directed parallel to the
Zr site in ZpFe. Upon the decomposition reaction (001 direction. For both site 1 and site 2, the calculated and
ZrsFe=ZrFet+Zr, we would expect that Hf probes would measured values df7, are in reasonably good agreement
occupy four different sites: the two sites forsEe (the two  for such a complex calculation. However, the values of the
frequencies observed as mentioned apowee site for ZgFe ~ asymmetry parameter, differ significantly in both cases.
(identified with the high-frequency peaksnd one site for Because we measure the EFG’s at Ta nuclei located at Zr
the Zr phasenone observed One possible reason for the sites, some relaxation of the nearest-neighbor atoms relative
absence of the Zr interaction is that the Hf probe in the Zrto Zr may occur. Such relaxation affects the asymmetry pa-
phase has an associated frequency of approximately 3I@meter» (and to a lesser degree the EFGQo test this
Mrad s %, which is close to one of the frequencies for the hypothesis, we performed additional calculations in which
low-frequency interaction for 4Fe, so that the peaks corre- we systematically accounted for these relaxations. In the pro-
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TABLE |. Electric-field-gradient parameter¥,, and » for
ZrsFe.

V5, measured® V,, calculated 7 7

(10Vem™®)  (10Vcem™?) measured calculated
Zr site 1 9.7 4.9 0.94 0.65
Zr site 2 4.3 6.5 0.19 1.00

&/alues are calculated from the measured frequencies uSing
=2.51 (b) for the electric-quadrupole moment of th&Ta spin|
=(5/2) intermediate level.

bLaboratory temperature values are given.

‘Calculated values correspond to 0 K, and areyfer0.735.

tained for Fe sites in a crystal having no H&) impurities.

For site 1, when the first nearest-neighbdF®) distance
changes ty=0.739(when Ta is substituted for Zr, the Fe-Ta
distance decreases relative to the Fe-Zr distanehile the
second nearest neighbors are allowed to relax, the EFG in-
creases to & 10'"V/cm?, and the asymmetry parameter in-
creases to 0.95. For site 2, the relaxation of any of the first
nine layers of nearest neighbors produces a marked decrease
in the value of the asymmetry parameterThe agreement
cannot be considered quantitative, because we have not
found the minimum energy-relaxed structure. However, the
current calculations show that, with the appropriate atom po-
sitions, we could reproduce the experimental results.

The EFG parameters show distinctly different temperature
dependences for site 1 and site 2. For site 1, as Fig. 3 shows,
the quadrupole frequencyq (and consequently,) de-
creases as the temperature increases, while for site 2, the
quadrupole frequencyq increases. The fact that the quad-
rupole frequency for one site increases and the quadrupole
frequency for the other site decreases could be explained by
the different orientations of the principal axes of the EFG for
the two sites. Thus this observed difference in temperature
dependence would be consistent with a differential thermal
expansion, in which the crystal expands more along®ié)
direction than along th€001) direction.

CONCLUSIONS

We have measured the EFG parameters at the two Zr sites

FIG. 3. Summary of the parameters derived from fits of a two-in the ZrFe crystal and their temperature dependences, and
site model to the measured perturbation functions. The site occlhiave compared the values \8§, and » measured at labora-
pancyf, the asymmetry parametet and the quadrupole frequency tory temperature to those calculated using the RS-LMTO-
wq are plotted as a function of temperature, for the two interactionsASA method. At temperatures below the peritectic transfor-
observed, corresponding to the two crystallographically distincimation, a two-site model of EQI's in a polycrystalline source
sites. ACCOl"ding to the assignment in the text, the values for site :brovides an accurate representation of the measured hyper-
are shown in open squares, while those for site 2 are shown in dakfne interactions. Near and above the peritectic transforma-

squares. The line broadening paramei@rsand §, are not shown,
as they typically remained at approximately-3 %.

totype RgB crystal structure of Zfe, the position of the Fe
atom is determined by the parameterin the RgB struc-
ture, the B atom is at a positign=0.744. Petrilli and Frota-
PesSa determined that, in ZFe, the value ofy should be

0.735 to minimize the asymmetry at the Fe site and to reach

agreement with EQI's measured usitife Mossbauer-effect
spectroscopy’ This value of they position gives optimal

tion, the results show qualitatively the effects of decomposi-
tion of ZrsFe into Zr and ZyFe and subsequent melting.
Overall, the magnitudes df,, and » calculated using the
RS-LMTO-ASA method agree reasonably well with the ex-
perimental values, once we take into account the atomic re-
laxation induced by the Ta probe.
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APPENDIX

consistent RS-LMTO-ASA methat**The LMTO is a lin-

ear method, and its solutions are valid around a given energy
E, . normally chosen at the center of gravity of the occupied
part of eachs, p, andd band. In the LMTO-ASA formalism,
space is filled with WS spheres centered at all atomic sites.

Theoretically, the EFG at the nucleus is given in terms ofThe potential is assumed to have spherical symmetry around

a tensorV;; (Ref. 16:
a?V(r)

&Xiﬁxj' |q,E>dE'

Ep
Vi =2f (Pel (A1)
where|Wg) andV(r) are the electronic wave function and
the electrostatic potential, respectively=x, y, z, andEg is
the Fermi energy. The tensdf; is traceless and symmetric
and has in general only five independent components.zThe

axis is defined along the direction of maximum EFG.

Using the tight-binding approach, the wave functions

|¥:) can be expanded in terms of a set of local energy
independent basis functiofg, r), whereR is a vector po-
sition of the site andhn indicates the orbitas, p, or d.!” Then
we have

9

E am,R(E)|¢m,R>'

m=1

Ve)=2 (A2)
In Eq. (A2) the coefficientsa, g(E) are taken to be real.

The tensorVj; is then obtained by neglecting the contri-
butions from local orbitals witlR’ # R, giving

9 9 2
d°V(r)
Vij _2mz:1 m’zzl nm,m’<¢m,R|TﬂXj| d’m’,R’)v (A3)
where
Er
nm,m':‘[ a*m,R(E)am,R(E)dE- (A4)

each WS sphere. In real space, we work in the orthogonal
representation of the LMTO-ASA formalism and expand the
orthogonal Hamiltonians in terms of tight-binding param-

eters. The eigenvalue problem has then the form

(H=E)u=0,

\PE=REL [e1(rR)+(E—Ey) @1, (rr) 1YL (FR)URL(E),
(A5)

where the notationg=|r — R| was used and whefg is the
angle betweerR andr. The functionsyp,, and ¢, are solu-
tions of a Schrdinger-type equation with quantum number
L=(l,m), and their first derivatives with respect to energy,
for a spherical potential inside the WS sphere at Rjteal-
culated at energ¥, . The Y, (fR) are spherical harmonics
andug, (E) are solutions of the eigenvalue problem.

To obtainnp, ,, we use the recursion methd8Whenm
=m’, n,, is the occupation number per spin associated with
the local orbitalm. In the case o#m’, we have to use the
off-diagonal terms of the Green functions, which can be cal-
culated using a slightly more complicated procedire.

Using the RS-LMTO-ASA method, according to the
equations in Ref. 17, we obtain the tendgy. Through di-
agonalization of thev;; matrix, we obtain the components
Vxx, Vyy, andVzz with respect to the principal axes for
each site. The largest component of the EFG in magnitude is
designated/;,, and the asymmetry parameteis given by
7= (Vxx—Vyy)/Vzz, where|Vzz|=|Vyy|=|Vxxl.
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