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Vacancy ordering phase transition in ZrBe,(H/D),: NMR and electronic structure study
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The layered intermetallic compound ZrgE/D), (x=1.5) was studied using deuterium and beryllium
NMR. A temperature-induced structural transition in the deuteride reported earlier is further investigated here
using °Be NMR, which reveals the transition in both the hydride and deuteride at 200 and 235 K, respectively.
Above the transition temperature a single pair of quadrupolar satellites is present. Each quadrupolar satellite
splits into two resonances below the transition temperature, implying the existence of two different classes of
Be sites. The temperature dependence of the satellite frequencies and the appearance of two-phase coexistence
spectra show the transition to be first order. Be-D spin-echo double reso(BEDOR experiments were
performed to identify the two sites; SEDOR demonstrates that the D environments of the two classes of Be
sites are similar. Electronic structure calculations show the binding energy of H decreases gradually for
greater than 1.38. The calculations allow a vacancy ordered structure to be proposed.
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[. INTRODUCTION of Be atoms blocks H atoms from hopping between planes so
that H diffusion is strictly two-dimensional, according to
The intermetallic compound ZrBecrystallizes in a hex- NMR studies of ZrBeH; ,. The logarithmic frequency de-
agonal AlB,-type structuré consisting of alternate layers of pendence of the spin lattice relaxation riqel in both static
zirconium (Zr) and beryllium(Be) atoms. The Zr atom and field® and field-cycling measuremehtslearly fit a two-
two Be atoms reside &0,0,0, (},%,%), and §,%,1), re- dimensional2D) model. Pulse field-gradient measurements
spectively in the unit cell with lattice parameters  Of diffusion’ report the rate of diffusion along the gradient

=3.820 A andc=3.240 A This compound reacts with hy- axis, which is randomly oriented relative to each powder
drogen at room temperature and one atmosphere of hydrogddrticle. The resulting nonexponential decay of the spin-echo
pressure, spontaneously and exothermally, to absorb up fgnal amplitude as a function of squared gradient amplitude
1.5 hydroger(H) or deuterium(D) atoms per unit cef.Neu- ~ matches the dependence expected for two-dimensional diffu-
tron diffractior? indicates that the D atoms reside in the hex-sion.

agonal Zr planes directly above and below each Be d&ma A powder neutron diffraction study of ZrBB , 5 reported

Fig. 1), at the centers of triangles formed by Zr atoms, i.e., ai temperature-induced structural chahigelow 250 K. Weak

the 2 sites, £,%,0) and &,%,0). Thus, theoretical full oc- superlattice peaks were observed upon cooling. A model with

cupation of the available H sites in Zr@¢, corresponds to occupation of the B sites resulted in improved Rietveld re-
two H atoms per formula unit=2), but forming hydrides finements at 12 K. The study suggested a disorder-to-order
beyondx= 1.5 requires extremely large,Hpressure and the like change in the deuterium site occupancy fromta 4h
absorbed hydrogen is lost upon return to one atmosphereon cooling, but did not attempt to fit the new peaks to a
Forming deuterides witlk=1.5 results in a 7.3% expansion model of ordered vacancies. The same study also noted that
along thec axis and a 2.7% contraction along theaxes powder x-ray diffraction data showed no line splittings or
(with no change in crystal symmeijryresulting in the lattice  additional reflections on decreasing the temperature in the
parametera=3.714 A andc=3.470 A2 The considerable range 120-600 K for ZrBeand ZrBgD; 5, suggesting that
expansion of the axis upon forming hydrides indicates an the structural change primarily affects the D positi¢dsu-
effective Be-H(or Be-D) repulsion while thea-axis shrink- ~ terium atoms contribute negligibly to x-ray diffractiorA
age indicates Zr-H attraction. Westl4kauggested that the H deuterium NMR study conducted by our grddmds a rapid
(D) atoms may occupy eithébut not both of the slightly  increase in théD transverse spin-relaxation rafg * below
off-plane 4 sites. These sites occur in pairs, only 0.064 A240 K in the deuteride. This, along with the neutron diffrac-
above and below eachc2site (i.e., displaced along the  tion results indicates a stronger effect than just a small
axig). Fast local motion between theh4sites at room tem- change in D-atom positions fromc2sites to the nearby#
perature may average the apparent position ¢p & re- sites. We proposed that the transition involves ordering of the
ported by neutron diffraction. D vacancieg25% atx=1.5). The observed increase Ty .

The abundance of vacant hydrogen sites facilitates rapit then an expected result of the decreased D-atom mobility
site-to-site diffusion; the H atoms are quite mobile with that would occur in a vacancy-ordered configuration.
about 18 hops/sec at room temperature between neighboring We note that previous hydrogen NMR studies of
sites(presumably 2) in the hydride> The intervening layer ZrBe,H, , reported no evidence of a phase transition in the
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0 . O constantah thermocouple with a room temperature refer-
n@ pa a7y ence. _ , _ _
| ‘e ° o \ Top View The SEDOR experimehit*?consists of a spin-echo pulse
‘ ‘ o ® sequence on the nucleus of interégbservednucleus, here
c| Be® © o 1 ® %Be) with an additionalr pulse on another nucledsnob-
© e © / @ ® servednucleus, here’D) that interacts with®Be via the
[ S—— Q o [ dipole-dipole interaction. Ther pulse on?D approximately
‘ ° ; ° ’ ® ® ® coincides with the refocusing pulse of the spin-echo se-
\; ° '. '*. °® quence on’Be. We denote the time between the two pulses
e

on °Be asr and ther pulse on?D is applied at a time after
@) () the first pulse on°Be. The timet is slightly larger thanr

allowing the °Be and?D pulses to be generated sequentially
FIG. 1. Crystal structure of ZrBeH/D), . (a) Alternate layers of  in a single rf transmitter. The spin-echo amplitudes®Be

Zr and Be atoms with H or D atoms residing in the Zr plane, yith (S,) and without S,,) a 7 pulse on2D are obtained
directly above and below beryllium atoms. The lattice parametersyg g function of 4— 2t (the °Be-2D interaction is effective
area=3.714 A andc=3.470 A atx=1.5, where 25% of the H over a time 27— (t— r)]=47—2t). The value oft— r was

sites are vacantb) Looking down thec axis. The H positions and held fixed asr was varied. The decay cun@, /S, as a

Be projections are at the centers of triangles formed by Zr atoms. I?unction of 4r— 2t is ideall.y the °Be free-inductioélo decay

the bare compound ZrBgonly the lattice parameters are different. (FID) that would occur if the only spin interactions were
e , _ %Be-2D dipolar. Hence, the decay rate is a measure of the

hydride”™" In particular, theT, data extending from 115 K to dipolar interaction betweefiBe and 2D. For our SEDOR

400 K are well described by a model with a single activationgyperiments, a double resonance probe was constructed for
energy’ The apparently different phase behaviors of the deusgas and 2D frequencies at 8.0 T47.87 MHz and 52.29

teride and hydride partly motivated this study. Beryllium-9 MHz, respectively. The desigi is based on symmetric and
has nuclear spin 3/2 with 100% abundance and has an NMgntisymmetric modes of two coupled, identi¢aC circuits
frequency plose to that of deuterium. As beryllium isgpresen(Nith the frequency spacing of the two modes determined by
in the hydride, the deuteride, and the bare ZrBewell,"Be 5 .q,pling capacitor. This approach is particularly suitable
spectroscopy should allow the transition to be better characynan the two frequencies are nearly equal, as in our case.

terized by comparéng the three materials. Separate frequency synthesizers were used for the two fre-
We report here’Be spectra for ZrBg ZrBeH14, and g encies with ap-i-n diode switch to select between the

ZrBe;,D 4. In the cases of ZrB#, , and ZrBgD 1 4, SPEC- 0 otherwise the rf pulse generation and high-power am-
tra were obtained at many temperatures. For these, magnefigsi-ation were common to both frequencies.

alignment of the powder samples substantially simplified the ¢4 cyjations of the electronic energy and structure were
interpretation of the NMR spectra.?isapln-eczho double resoperformed with SIESTA(Spanish Initiative for Electronic
nance(SEDOR experiments betweerBe and“D were per-  gjmylations with Thousands of Atomaising a supercell
formed in an attempt to identify théBe resonances in the containing 16 Be atoms, 8 Zr atoms, and from 0 to 16 H

low-temperature phase. atoms. With this supercell we found it necessary to use 27
(3xX3X%X3) k points in the Brillouin zone in order to get
Il. EXPERIMENTAL DETAILS energy differences between super_cells that were reliable to
better than 0.01 eV. We used 5 orbitals each for the Be and H
The ZrBeH, and ZrBgD, samples were prepared by A. atoms but found it necessary to use 19 orbitals, (4p°,

J. Maeland. The preparation procedures of the powdesd®, 5s, and a set of excitedpd orbitals for the Zr atoms.
samples have been reported previodsk. part of the The supercell was relaxed with respect to size and shape in
ZrBe,H, sample was changed to ZrBéy heating it at the stochiometric limits ok=0 andx=2; a linear interpo-
700 °C under vacuum. Measurements were made in supelation was used in between. As expected, the lattice param-
conducting magnets at fields of 4.4 and 8.0 T, using atersc increased an@ decreased with increasing~2 but
computer-controlled home-built pulsed NMR spectrometetthe lattice parameters differed from the experimental values
and a Chemagnetics CMX360 spectrometer. The data acquby several percent. Crucially, energljfferencesusing the
sition and analysis on the home-built spectrometer were peexperimental lattice parameters differed only minimally from
formed using a prograrAiDO written by our group in Lab- the energy differences quoted.
Windows CVI (C for Virtual Instrumentationprogramming
language. Spectra were obtained using thé2j,-7-(m/2),
echo sequence by Fourier transforming shogehoes. For [ll. RESULTS AND DISCUSSION
°Be NMR studies a 1000 W transmitter was used as narrow
radio frequencyrf) pulses (2—-4us) were required to excite
the entire broad resonance. The temperature at the sample Figure 2 shows®Be spectra for powders of ZrBe
was varied using flowing Ngas or air controlled by an ZrBe,H,, and ZrBeD,, at 270 K in a field of 8.0 T. The
electronic thermostat. The temperatures were steady tdrBe, sample was obtained by removing hydrogen from an-
within =0.5 K and were measured using a typg€edpper- other ZrBeH, , sample. The ZrBgspectrum shows the ex-

A. Beryllium spectra
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Freq (kHz) FIG. 3. °Be spectra of ZrBgD, , as a function of temperature.
The single pair of satellites foF >235 K splits into two pairs be-
FIG. 2. °Be spectra of ZtBg, ZrBe,H, 4, and ZrBeD, ,at 270  low 235 K. A mixed-phase spectrum occurs at temperatures near
K. The vertical scale is normalized to approximately the same cen235 K, showing the first-order nature of the transition. The central
tral transition intensity. For ZrB#l, , and ZrBgD, 4 sharp satel- transition is narrow so its amplitude is off-scale.
lites occur because of magnetic alignment of the powder particles.
For ZrBe, the satellite intensity is spread over the powder patternjgheled as and O sites (corresponding to inner and outer
indicating that magnetic alignment does not occur. satellites, respectivelyAs the temperature is decreased fur-
ther, the spectrum changes very little except for slight addi-
pected broad powder pattern with a cusp-to-cusp splitting ofional broadening.

250 kHz for the quadrupolar satellitesnEé — 3« —3 and The °Be spectra of Fig. 4 clearly show that a similar
+2+<+3) and a narrow central transitiormi= — 3+ 3). transition occurs in the hydride, but at a lower temperature of
The hydride and deuteride show remarkably sharp satellitesbout 200 K. In an earlier repcttwe speculated that the
with a satellite-to-satellite splitting of 287 kHz. Although the hydride may not undergo a transition, based on the absence
samples are powders, the spectra do not show the charactef any changes in temperature dependence of the proton
istic powder pattern. Instead sharp satellites appear, as woulMR T, and LEPS data®® However, at the 200 K transition
occur for a single crystal. From the spectra we can concludgemperature, the protof, is becoming limited by the
that both the hydride and deuteride exhibit strong preferenKorringa* (conduction electroncontribution and so is less
tial alignment of the powder particles in the magnetic fieldsensitive to hydrogen motion. Changes in the slope of the
while the bare ZrBgdoes nofthe bare compound may have protonT,, data as a function of temperature should be evi-
become lightly sintered during hydrogen removal at 700 °C) dent, but do not appear in the experimental results.
Comparison of the spectrum of Zrfe, s frozen in wax at In Fig. 5, the quadrupolar splittings, between the higher
zero field (effectively an unaligned powdewith that of a  and lower frequency satellites are plotted as a function of
sample magnetically aligned in 8.0 T shows that the sharemperature for the hydridsolid symbol$ and the deuteride
lines of the aligned sample’s spectrum occur at the samgopen symbols The single value ofvg seen aboveT,
frequencies as the cusps (90° featuishe unaligned pow- changes to twasg values belowT, (corresponding to two
der. By symmetry, the unique axis of the single electric fieldpairs of satellites All three pairs of satellites are present in a
gradient(EFG) tensor describing théBe in the regime of small interval centered upGh., showing the coexistence of
fast deuterium motion must be the crystallioexis. Thus, the two phases. The discontinuous changespbccurring
the particles align with theic axes perpendicular to the ap- nearT, along with two-phase coexistence demonstrate that
plied magnetic field. The high degree of alignment demonthe transitions are first order. The neutron diffraction study
strates that virtually all of the powder particles are single
anisotropy. For this study we note that the magnetic align-
ment substantially simplifies the interpretation of the spectra. 214K

Spectra of°Be were obtained for samples of Zrf, 4
presented in Figs. 3 and 4. For the deuteride, as the tempera- v._/\/pﬁ/[\/&
ture is decreased, the spectrum changes very little until the
and 350 kHz, respectively. This is consistent with a phase . . - : .
transition at this temperature, as suggested in a previous 200 '100V_V°(kHZ)1°° 200
ance of superlattice peaks in the neutron diffraction patterns. FiG. 4. °Be spectra of ZrBeH , , as a function of temperature.
The NMR spectra imply the existence of 2 separate classeghe behavior is similar to the deuteride spectra of Fig. 3, but with a

crystallites. The alignment is due to magnetic susceptibility

and ZrBeH 4, from 120 to 300 K; representative spectra are

temperature reaches 235 K. Below 235 K, each satellite 193K
splits into two, with satellite-to-satellite splittings of 225 kHz J\/UL__J\/L
report based on rapid changes D Tgl and by the appear-

of Be sites below the transition temperatdrg. These are transition temperature near 200 K.

Intensity
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FIG. 5. vq (the satellite to satellite splittingrom ®Be spectra of
ZrBe,H 4 (solid symbolg and ZrBgD, , (open symbolsas a func- FIG. 6. Deuterium NMR spectra well aboy295 K) and below
tion of temperature. The circles and triangles represent the outer and45 K) the transition temperature for Zrg@, 4 at 29 MHz. Also

inner satellites, respectively, in the low-temperature phase. Thehown, as dotted curve, spectrum at 295 K obtained at 52 MHz.
squares represent the single splitting in the high-temperature phase.

Two-phase coexistence is observed for a narrow range in tempera- . .
ture for both the hydride and the deuteride. The dashed and dottetf Ve another look. Figure 6 shows deuterium NMR spectra
lines represent the transition temperatures for the hydride and defor ZrB&;D 14 at 295 K (T>T,) and 145 K [<T,). The
teride, as labeled. spectrum at 295 K is shown at two different frequenczs
and 52 MH2z while the other spectrum was obtained at 29

reported a continuous incr'ease in superlattice peak intensityiHz. At 295 K, motional averaging vields a quadrupolar
with temperature decreasing over a 50 K window. We beggyplet with a small splitiing€ 1 kHz), independent of the
lieve the diffraction intensity data do not show the transitionnnRr field and frequency, as expected for a quadrupolar in-
to be higher order, but show the effect of the two-phasgeraction. The splitting results from a small but nonzero EFG
coexistence. _ _ average over all occupied sites. It is surprising that the aver-

Above T, the hydride and deuteride have almost equalge EFG at the D sites is so small, as there is no symmetry
vq (see Fig. 5, with the value reflecting a motional average requirement for the EFG to average to zero over the sites of
as the vacancies diffuse rapidly through the structure. Below hexagonal lattice. The sharpness of the doublet is due to the
piC diﬁerence in the innePBe VQ Values. Th|S diﬁerence iS Showing that motiona| averaging has Ceaemj motions on
not understood. We note tha’g in a simple picture, the innefhe NMR time scale, of order 18 s). The low-temperature
and outervg must averaggwith concentration dependent spectrum arises from a superposition of quadrupolar doublets
weighting factors to the high-temperatureq value. Thus it from sites (with a broad distribution of individual EFG's
is unexpected that only the inneg, is different in the hy-  each convoluted with a Gaussian shape from D-D and Be-D
dride and deutel’ide, given that both materials have nomina”mip(ﬂar broadening_ These individual doublets are not pow-

equal concentration,= 1.4. der doublets due to the alignment exhibited by the powder
The line shapes of the quadrupolar satellites of both thgarticles.

hydride and deuteride materials are distinctive in the low- |n the ideal =2) structure represented in Fig. 1, all of

temperature phag€igs. 3 and 4 For example, in Fig. 4 the the D sites are energetically identical and have identical EFG
outer edgesat =125 and +175 kHz) are comparatively tensors(both in tensor principal values and directianBhis
sharp, with gradual intensity variation in between. This sugstatement is equally true for the in-plane 2ites and the
gests that some of the linewidth in the low-temperature phasgiightly displaced 4 sites. In the ideal structure, motion of
is due to angular variatiofas in a two-dimensional powder the D atoms would not modulate the EFG and there would be
pattern.’?*? N _ no increase in’D linewidth at low temperatures where mo-

The °Be central transition of ZrB®,, in the low-  tion has ceased on the NMR times cale, except for dipolar
temperature phase under magic-angle spinning conditionsroadeningestimated to be only 2 kH3. Thus, the substan-
(not shown is well-described by the sum of two componentstia| broadening observed in Fig. 6 in going from room tem-
with relative widths of 2.44:1. This is the eXpeCted result Ofperature to 145 K demonstrates that there are substantial
second-order broadening, proportional to the squaregf EFG's that differ from site to site. That is, displacements of
(vq values from Fig. 5 in ratio 1.56)1These results support the atoms(away from their long-range averaged locatipns
the picture of two separate quadrupolar satellite pairs. surrounding a vacant deuterium sitecall 1 in 4 sites is
vacant atx=1.5) are responsible for the bulk of the EFG’s
evident in Fig. 6 at 145 K.

In light of the fact that the powder particles align in the  The EFG at an individual D-atom site need not be uniaxi-
magnetic field, the deuterium spectra reported edrier  ally symmetric with the symmetry axis along the crystal

B. Deuterium spectra
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TABLE I. 2D contribution to{A w3)ge in the undistorted structure. The two nearest neighbors have the
maximum contribution.

No. of : 1 (Aw?)
2 d/Be
atoms Distance Ei(ﬁ (3cos—1) contribution
Shell n) r(A) (1072 A9 (%)
1 2 1735 7.3272 89.5
2 6 2.758 0.5716 7.0
3 12 4.099 0.2030 2.5
4 6 4.626 0.0560 0.6
5 2 5.206 0.0093 0.1

axis, unlike the EFG averaged over all sites. We recall thapf (A w?)g, lead to expected decay times of 3774 and

the ¢ axes of the crystallites are magnetically aligned to bes13.7 ;s for type A and B atoms, respectively. SEDOR ex-
perpendicular to th8 field, but this does not mean thexes periments %Be Observed,zD unobserve}jperformed at tem-

are all parallel. Thus some of the broadening evident in Figperatures |0W enough to freeze out D motion are thus ex-
6 at 145 K may be due to the incomplete style of alignmenpected to show significantly faster decay of the SEDOR
of the powder samples. The same issue may be present §yrve for typeA beryllium atoms due to the presence of two
°Be spectra belowl'.. There the EFG tensors need not bedeuterium atom nearest neighbors, as opposed to one for
uniaxially symmetric about the axis because of the distor- type B. Thus it should be possible to test whether the two

tions near each of the H or D vacancy; some of the increaseggtellites in the low temperature spectrumapdO) corre-
linewidth below T, may be due to a distribution of angles spond to Be atom# andB.

between the tensor elements and the applied magnetic field. we performed °Be-2D SEDOR experimenté on

ZrBe,D4 4 at 145 K and 104 K. The spectrometer frequency
C. SEDOR results was chosen to be centered between the two lower-frequency

As the material undergoes vacancy ordering belbwy satellitesl and O in the beryllium spectruni47.73 MH2.

two kinds of Be atoms become distinguishable in Figs. 3 and Ne sharpness C?f_ the satel!ites and the clean separation from
4. Some Be atoms have two H/D neighbors in the direc- the central transition and higher-frequency satellites allowed
tion (see Fig. 1and others have one H/D atom and one H/DUS 1O treat the — } transition as an effective two-level sys-

vacancy near it. Henceforth we shall refer to these two kindd€M- Softm/2 and pulses (10us and 20us) were used to
of beryilium sites as typé and typeB, respectively. Fox create spin echoes from this transition only. The spin echoes
—1.5 H/D concentration. there are e(,qual numbers of gites Were Fourier-transformed and the two satellites integrated in

andB. Forx=1.4(as in our samplewe expec andB sites the frequency spectrum to determine their intensities as func-

; o ; ; ; ; ; tions of 4r—2t. The data are shown in Fig. 7. The data at
in the ratio 2:3, respectively. It is tempting to identify the two . - - . .
pairs of satellites observed beldw (1, inner: O, oute) with 145 K were obtained first and show very little difference in

type A andB beryllium atoms. In order to test this, SEDOR

experiments were performed on ZtfBe, 4. 1.0 . = Site O, 104K
First, the deuterium contribution to the static dipolar sec- D.\;s"-.‘ e Sitel, 104K

ond momentA w3)g, of a typical beryllium atom was cal- 08 RN . :::: ?'11‘;5KK

culated assuming that all the D sites are filtédhe direc- g 06l RN ’

tion of the applied field was taken to be perpendicular to the 2 \‘i

c axis (i.e., in theab plane. In Table I, we list the distances g 04 NI

to various “shells” of deuterium atoms from a generic beryl- § ool \\ S

lium atom, the number of deuteriums in each shell and the @ - SHeAT,=37T4us Fveen

dipolar second moment contribution of that shell. The table 00F ...... Site B, Tz=513-7 us o

clearly shows that the largest contributioi89.5%9 to . ) , . . .

(A®3)ge comes from the closest shell although it contains 02000 200 300 400 500 600 700

only two deuterium atoms. Naturally, should one of these 47-2t (us)

two atoms be missing, one expects a significant change in
(Aw3)ge. Assuming a 75% occupation of shells 2 and
higher, and for the first shell two D atoms present for case

2
and one D atom present for caBethe \7/alues ofA wg)ee for tively), on the low-frequency side of the central transitioa., vo/2

type A and B atomg are 1.40410 raqzlsz and 02'758 below the central transitionThe data are presented in terms of the

X 10" rad’/s’, respectively. For a Gaussian decéfwg)se  time 4r— 2t over which the®Be-2D dipolar interactions are effec-

is related to the timd, for the decay of 3/S,,to Lle of its  tive. The dashed and dotted curves represent the calculated Gauss-
initial value asT,=((Aw3)gd2) Y2 The calculated values ian decays fol andB sites, respectively.

FIG. 7. SEDOR amplitude ratio curves at 145 K and 104 K.
SitesO and| refer to the outer and innéiBe quadrupolar satellites
in the low-temperature phase{=350 kHz and 225 kHz, respec-
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the SEDOR decay for the two satellite resonanicaad O.

The data indicate that the deuterium environméptspula-
tions and distanceof the two classes of Be sites yielding
the separate satellite resonances are similar. Because it is
possible that residual deuterium motiGvacancy hopping
results in some exchange betweeandB sites, we repeated
the SEDOR experiment at an even lower temperature. The
data at 104 K are quite similar to those at 145 K. The Gauss-
ian decay curves corresponding to decay times Tof
=377.4us and 513.7us corresponding t&\ and B beryl-

lium atoms are also shown in Fig. 7 for comparison. These
SEDOR results indicate that the two satellitesndO do not
correspond to Be atomsandB with two and one deuterium
nearest neighbors, respectively.

FIG. 8. Suggested in-plane structure of ordered hydrogenic va-
cancies. Filled circles are Zr atoms; H or D atom®t shown
reside in the centers of Zr triangles. The vacancies shown by open
ircles are in locatiom; alternatg(shifted locations for neighboring
lanes aréb,c,d.

D. Electronic calculations

For ZrBe, with no H (x=0), we find a charge transfer of ¢
about 0.64 electrons to each Be atom from the Zr atoms. Fdt
x=2 the charge transfer is 0.52 electrons to each Be atora large effect, it is significant. This supports the finding by
and 0.25 electrons to each H, from the Zr atoms. TheséBe NMR that the system undergoes a vacancy ordering at
charges are determined by summing the charges on all orbitow temperatures.
als centered upon the specific atom. This is a substantial We propose a structure for the vacancy ordering in Fig. 8
charge transfer and suggests a considerable component ff X=1.5. This configuration has the lowest energy of any

ionic bonding added to the metallic bonding. Further, the/V& attempted, though nearligimilar) configurations have

crystal structure suggests ap? covalent bonding of only slightly greater energies. The configuration of Fig. 8

. e keeps the vacancies far apart. The stacking or@eg.,
Be that can be rationaliz&%lif each Be has a formal charge acac...) cannot be determined with the present level of

of —1. , , . accuracy, as the energy differences are too small.
When increasing the number of H atoms in a supercell,
the energy change per added H remains constant kel IV. CONCLUSIONS

to x=1.38, to within small variations in energy resulting A temperature-induced transition in Zrgel/D), has

from chan.ge.s in the positiqns of the H atoms for fixed paen studied byBe NMR. The strong increase ifD T *
These yanaﬂons are approximately 0.2 eV per supercell. Ajpserved previously signals a rapid decrease in the rate of D
approximatelyx=1.38, the added energy per H atom startsmotion belowT,, demonstrating that the transition is an or-
to decrease gently. The decrease in total energy from a lingering of the D-atom vacancigfor x=1.5 as studied here,
with the constant initial slopéas a function ok) amountsto  one-fourth of the D-atom sites are vacarithe °Be spectra
about 1 eV atx=1.5, increasing to about 6 eV at=2.0.  show dramatic changes across narrow temperature intervals,
There is nothing remarkable about the changes in the densif@vealing the presence of the transition in both hydride and
of states neak= 1.5, the maximum H,D concentration ob- deuteride at different temperatur€00 and 235 K, respec-
tainable with modest pressures. This suggestsxhel.5 is tively). In both cases, above the transition temperature one

merely the value at which the free energyslowly varying pair of quadrupolar satellites occurs; below the transition

. . each satellite splits into two resonances. The discontinuous
function ofx) for an additional H atom becomes greater than P

temperature dependence of the quadrupolar splittipgand
half the free energy of an externally placed olecule. the appearence of two-phase coexistence in the spectra show

In order to shed light on the vacancy-ordered structure Wene transitions to be first order. Electronic structure and en-
have also investigated the energies of several distributions @frgy calculations show a decreased H binding energy above
H within a supercell at fixeck. For smallx the energy is x=1.38 and allow a vacancy-ordered structure to be pro-
lowest when the H atoms are kept apart from each othemosed.
presumably this corresponds to the solid solution phase. The two low-frequency®Be satellite resonances, inner
When the fraction of vacancies is less than 0«5-@) we and outer, show very similaPBe-’D SEDOR dephasing

find that the energy is lowest when the vacancies are kegturves, implying that the twd'Be satellites arise from Be
apart. In both limits this quasiordering in theb plane is atoms with similar average D-atom environments. Thus, the

more important energetically than the ordering in ¢hdrec- SE.DOR resglts are incompatible with the S|mple§t Interpre-
tion. The magnitude of energy change as a function of Va’_[atmn of Fhe Be spectra, namely thgt one satellite is from Be

) i, . . atoms with two D-atom nearest neighbdirs the + ¢ direc-
cancy positions is about 0.2 eV for the supercells with 8 Z

lo: o .
> ; tion) and the other satellite is from Be atoms with one
and 16 Be. This is 0.008 eMtbtal metal atomy which trans- b _atom neighbor and one D-vacancy neighbor. Instead, the

lates to a temperature of about 100 K. Although this is hardIySEDOR results indicate that both kinds of Be atoms, those
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with one and two D neighbors, contribute approximatelyc axes perpendicular to the applied magnetic field. A report
equally to the two satellite resonances, inner and outer. Ibf the magnetic alignment of powder Zrgéi,D), and other

appears that the EFG at a Be atom is less sensitive to thgexagonal metal deuterides has been prep&red.
presence of a nearest-neighbor D-atom vacancy than to the

location and presence of other vacancies. Indeed, each of the
two satellites is quite broad, suggesting that the locations of
several vacancies are important in determining the Be EFG.
We note that the line shape of the satellites in the vacancy- This research was supported by NSF Grant No. DMR-
ordered phase suggests that angular factors may be imp@®987888. V.D.K. thanks Washington University, Department
tant; that is, the EFG is no longer uniaxially symmetric of Physics, and the Luthra family for support of travel. The
and/or the unique axis is no longer along the crystallite’s research was partially supported by the Jet Propulsion Labo-
axis. ratory, California Institute of Technology, under a contract
Beryllium NMR spectra demonstrate a surprisingly strongwith the National Aeronautical and Space Administration.
preferential alignment of the powder particles of The work at Knox was supported by Research Corporation
ZrBe,(H/D)x due to magnetic susceptibility anisotropy and and NSF Grant No. DMR-9804094. We are grateful to Dr. A.
the high magnetic fields used for NMR, with the crystallites’J. Maeland for providing the samples used in these studies.
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