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Electric-field gradient§EFG’S) in yttrium trideuteride (YD o9 have been determined using deuteron mag-
netic resonancéDMR) and compared with values for tie3cl and P6scm structures calculated from first
principles. The experimental DMR spectra at low temperat(t86—290 K could be decomposed into two
components with intensity ratio 2:1 in accordance with the expected two groups of deuterium sites, i.e.,
tetrahedral and octahedral sites in the crystal lattice. Their characteristic quadrupole frequenciasd
asymmetry parameters;, have been compared with the theoretical values obtained for the structures with
space group§§c1 (no. 165 andP65;cm (no. 185. The agreement between the experimental and calculated
results is much better for the latter structure. The spectra at higher tempe8@0es870 K transform from
a two-component configuration into three quadrupolar doublets plus a low-intensity narrow central component.
One of the doublets keeps the same parameters as those observed at low temperatures. The two others indicate
changes in the tetrahedral site environments. One possible explanation could be a thermally activated quasi-
two-dimensional hopping of the D atoms to nearby sites withinahelane.

DOI: 10.1103/PhysRevB.64.214110 PACS nuntber81.05.Je, 76.60.Gv, 71.15.Mb

INTRODUCTION phase stabilities have been the subject of extensive
studies "% Wang and Chdt® and Dekkeret al1° justify the

Knowledge of the structural arrangement and diffusivegreater stability of thé®3c1 structure for YH compared to
motion of hydroger(deuterium in the rare-earth trihydrides the alternative fcc structure by total energy calculations
(trideuteridesis important for gaining a better understanding hased on first principles. However, their results—metallic be-
of their fascinating optical and electrical properttds. par-  havior for this compound—seem to be inconsistent with ex-
ticular, the crystallographic structure of ¥[Mas been a con- perimental findings.Next, Kelly et al** proposed a lower-
troversial issue. An early neutron pOWder diﬁ:iaction Study Ofsymmetry P3) insu|ating structure. This structure also
YD; (Ref. 2 indicated a structure possessiR@cl symme- appeared to be inconsistent with neutron diffraction
try, the same as that found for HgRef. 3. Subsequently, studies'® A small energy gap for thé3c1l structure has
Udovic et al in their neutron studies indicated that deute-peen obtained by Ahujat al2 and Ederet al® The former
rium atoms occupy unusual interstitial positions of a slightlyauthors performed total-energy calculations using an all-
distorted hcp metal instead of the ideal octahedral and tetraelectron full-potential linear muffin-tin orbital technique
hedral sites. More recently, Udoviet al>® concluded that while the latter pointed out the importance of electron-
their neutron data could be fitted equally well assuming &correlation effects. Miyaket al,** in turn, noted that many-
structure ofP6;cm rather tharP3c1 symmetry. The authors Pody effects beyond the local-density approximation within

. . . o — anab initio scheme are required to understand the insulating
claim that it cannot easily be _d|st|n_gwshed from ®acl .__properties of YH. They made band-structure calculations for
structure by neutron powder diffraction measurements, sinc

) L _ e cubic Bik- and hexagonal Lajtype structures within
both structures yield similar powder patterns. Finalgt o G\ approximation. Both calculations produce a band

least, for the moment Raryan effect measurements On a5 of proper size and therefore the authors are inclined to
YH(D); films by Kiereyet al.” showed that the number and regard the gap as of electronic rather than structural origin.
the form of the observed phonon modes was not compatibl@|most at the same time, van Gelderenal 56 found the
with the P3cl structure but pointed rather towards a non-desired gap in thei®&W quasiparticle calculations. Similarly
centrosymmetric type such &6s;cm or P6s. to Miyake et al,* their calculations indicate the existence of

Apart from experimental work there are many theoreticalan energy gap for the hexagonal undistorted Jathd dis-
investigations for YR. Both the electronic structure and torted HoD;-type structures.
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In addition to the above-mentioned structural studies, deuMSL-300 pulse spectrometer at a frequency of 46.02 MHz
teron H) NMR can be used to resolve the structural prob-using a Thor superconducting magnet. Tt NMR spectra
lems faced with YQ (YH3). Deuterium nuclear-magnetic were obtained by performing the Fourier transform of the
resonance is sensitive to the electric-field gradi&®G) at  free induction decay following a single pulse of 2s. The
the deuterium atom positions through the quadrupole intersaturation-recovery sequence with a series of three saturation
action(QI). The consequence of this interaction, in additionpulses of 10 us separated by 0.5 ms was used to measure
to the dipolar and chemical shift anisotropy, is a specificthe spin-lattice relaxation tim&,. The temperature of the
contribution to the shape of the resonance absorption. Whilsample was controlled by flowing nitrogen gas and measured
the quadrupole interaction will be zero for a nucleus at a sitavith a Cu—Constantan thermocouple.
of cubic symmetry, it is generally nonzero when the nucleus
is located at a site with a symmetry lower than cubic. The
strength of this interaction depends on the quadrupole mo- COMPUTATIONAL DETAILS
ment of the nucleus and the EFG produced by the electrons ) ) )
and other atoms surrounding the nucleus. The EFG can be Thel gzalculatlons are based on the density-functional
calculated’*®when the crystal structure is available. Then it theory?"#* (DFT) and the local-density approximation and
can be compared with the value obtained from the analysi8ave been performed 3b¥ the I|near|zed.augmeptejj_zelane-
of the shape of the experimental NMR spectrum. wave (LAPW) method® in its full-potential ve_rsmﬁ _

Three characteristic EFG features in the spectrum at loWFLAPW) using an exchange-correlation potential by Hedin
temperature€200—330 K were observed by Balbagt all®  and Lundqist™ _ _

They were described by them in terms of three different deu- 1h€ parameters in the FLAPW calculation have been cho-
terium positions within the Hopstructure. Two of the fea- S€N as follows and are the same for both structures except
tures are due to the different octahedral sites and the thiryhere indicated explicitly. For thexpansion of the poten-
one is due to the tetrahedral site. Although they did not calfidl and the electron density inside the muffin-tin spheres
culate EFG values in their paper, the above interpretatiof®™Ms Up td =8 were taken into account. In agreement with
seems to be attractive and it is very likely to be correctOUr Previous calculatio the muffin-tin radii for Y and D
except for the observed intensity ratios of the mentionedVere set to 1.4027 A and 0.7062 A respectively. Plane
components. Therefore, the authors do not exclude the inteYaves for the wave functlons_ in the interstitial region were
pretation that theP6;cm-type structure would be in better included up to a length of 4.0 in units ofrZa, a choice that
agreement with the NMR data. Earlier perturbed angular cor€orresponds to-1700 basis functions per unit cefior six
relation (PAC) measurement® studying the QI in formula units of YD,). In the sglf-consstency procedure for
181f-doped YH; did not lead to relevant conclusions be- thE valence states an irreducible set of B&oints for the
cause of the probable trapping of hydrogen by the rather higR3c1 structure and 6 points for theP6zcm structure
concentrations (0.5 at. %) of Hf and its daughter product Tahave been used, corresponding to>a®x 9 Monkhorst and

The purpose of this paper is to present it NMR Pack® mesh. In order to describe the polarization of the
measurements in yttrium trideuteride together with the EFGhigher-lying core stateg'semicore states) of Y correctly,
calculations for the above-mentionedP3cl- and Which is necessary to obtain accurate EFG's, the ¥ add
P6;cm-type structures. The comparison of the EFGs derivedtP States have been treated as band states in a second energy
from the NMR experiments with those obtained frah ~ Window for which irreducible sets of 19 and 16 points
initio calculations should indicate the correct structure typewere used for thé3cl andP6z;cm structure, respectively,
This investigation strongly supports ti6;cm-type struc-  corresponding to a 85X 5 Monkhorst and Pack mesh in

ture. both cases. For the reciprocal-space integration the linear
tetrahedron methd@*2including the Blahl correctiori® has
EXPERIMENT been employed.

While in our recent papéf where the Y EFG’s have not

The YD, ggsample was prepared by exposing 99.99 at. %been calculated, the Ys4and 4p states were treated within
pure yttrium metal obtained from the Ames Laboratorythe core approximation, we found it necessary for accurate
(Ames, lowa to deuterium gas. Before deuteriding, the EFG’s to account for the band dispersion of these states.
metal was heated to 893 K in vacuum. At 873 K gaseoug-urthermore, for maximum accuracy of the EFG'’s, the non-
deuterium generated by heating titanium deuteride was intraspherical terms of the matrix elements have been calculated
duced into the reaction vessel. The absorption was performddr the full Hamiltonian, whereas in our previous study the
at a deuterium pressure lower than 1 atm, the temperatuigecond variatiortechnique was used.
being reduced slowly(42 h to room temperature. The The EFG’s have been calculated by taking tke2 com-
sample was quickly placed inside a He-filled dry box, with- ponents of the Coulomb potential near the Y or D nuclei. The
out contact with the air, crushed to powder and encapsulatefdrmalism by Herzid’ and Blahaet al** has also been em-
in a Pyrex tube. Finally, the glass tube was sealed off. Th@loyed to split the calculated EFG components into the con-
concentration was determined by pressure difference meaributions from the surrounding electrons within the respec-
surements with a Baratron manometer to the accuracy dfve muffin-tin sphere(“valence contribution’) and the
+0.01 for the D/Y ratio. remainder that comes from outside this sphélattice con-

The NMR measurements were performed with a Brukeitribution”). This partitioning depends, to a small extent, on
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C rate this part of the spectrum from the rest, 30—40% of the
r total intensity is a rather rough estimate of the expected 33%.
Now, in order to assign these lines we refer to the struc-
tural data available from neutron studies. Let us start with
those proposed for the Habike structure of Y3 (space

group P3c1, no. 165.* The two different types of the D
atoms may be identified with the 12 tetrahedral and 6 octa-
hedral D atomgper 6 metal atomsin the hexagonal close-
packed structure. In the enlarged unit cell (HdPthe 12
distorted tetrahedral sites remain, which are all crystallo-
graphically equivalent. The 6 octahedral positions separate
into 4 sites slightly above and below the metal-atom planes
and 2 sites in the plane. Since the EFG is sensitive to the
local symmetry, its tensor should be axially symmetrig (
FIG. 1. Observed and synthesizésblid line) deuteron NMR =0) for the. octahedral sites of both kinds as a consequence
spectra in YD 4 taken atT=180 K. The simulated spectrum is a Of the considered crystal structure. Thg parameters need
sum of theA and B components as described in the text. not necessarily be the same but, as follows from the theoret-
ical calculations(see beloy, they differ only slightly. In
the choice of the muffin-tin radii. The valence contribution contrast to the octahedral sites, the tetrahedral site symmetry
can be split further inted, pp, dd, pf, andff contributions is lower than axialthere are three different distances to the
that provide useful information about the influence of par-four yttrium atoms in the HoBlike structurg¢ and therefore

Intensity (arb.u.)

v - v, (kHz)

ticular I-like wave functions on the EFGY. n#0 is expected. Based on the above considerations we
may assign thé component as originating from the octahe-
RESULTS AND DISCUSSION dral sites while theB component is due to the tetrahedral

sites.
Among the spectra measured between 180 K and 380 K, A similar analysis can be carried out for the crystal struc-

those belonging to the temperature interval of 180-290 Kyre with the space group6scm (no. 185. In this case there
show very little change. This suggests that deuteron motioRe g octahedral sites bdand 22) for which the point sym-
such as atomic diffusion does not influence their shapes to fetry requires axial symmetry of the EFG. The remaining 12
large extent. Thus, they reflect EFG's at the deuterium siteSetrahedral sites are divided into two groups (€ch with
specific for the given crystal structure at lower temperaturesgngh“y differentx,y,z parameters. Also in this case the EFG
A spectrum typical for the mentioned temperature range igan have nonaxial symmetry. Therefore, if we assume the
shown in Fig. 1. It is obtained at the lowest temperatd®)  same values of the EFG for all tetrahedral sites and different
K) used in our investigations. The spectrum can be considyajyes for all octahedral sitegvhich again are identical
ered as the superimposition of two components with dlﬁerengmong each othgrtwo components in the spectrum with a
vq and 7. For the deuterons, the first parameter is defined ag. q intensity ratio are expected.

vq=3e2qQ/2h, 1) Now, in order to indicate which type of the .crystal struc-

ture corresponds better to the NMR observation we present

whereeq=V,, is the largest eigenvalue of the EFG tenspr, the theoretical EFG calculations performed for the present
is the deuteron quadrupo]e moment, dnig the Planck con- work. Table | summarizes these results. The structure models

stant. The asymmetry parametgiis defined by I and Il refer to the Hol-like structure. The designation of
the structure models and the corresponding parameters were
|VXX—Vyy| taken from the paper by Udoviet al? The structure models
= TV, ) | and Il are those that have only fully occupied deuterium

sites, whereas the other structure models of Ref. 4 include

whereV,, andV,, are the remaining two eigenvalues of the partially occupied sites and have therefore not been consid-
EFG tensor. The two components of the spectrum in Fig. red in our study. The crystal structure information on the
have the following parametersy =58 kHz, =0 for com-  P6;cm-type structure was obtained from Udovftthe cor-
ponentA andv,=24 kHz, »=0.59 for componenB. Their  responding structure model is designated here as Ill. Since
integral intensities are 33.5% and 66.5% of the whole specthe structural parameters for model 1ll became available to
trum, for componenté\ andB, respectively. us only recently, results for this structure could not be pro-

At this point let us mention the results of the NMR studiesvided in our previous papéf where exclusively deuterium
for YD3 by Balbachet al® Although they did not make the EFG calculations for structures | and Il were presented. Nu-
kind of simulation shown above, their 28 kHz doublet-  merical differences to the present results are essentially due
ferred to as cusp-to-cusp frequency widftis the 29 kHz  to the different treatment of the yttrium inner-shell electrons.
splitting well (v4/2) for the A component. They, too, relate For both types of structures the EFG calculations con-
this feature of their spectrum, taken at 200 K, to octahedralirmed larger quadrupolar splitting¢/2) for the octahedral
sites. However, because of difficulties in their study to sepasites than for the tetrahedral sites, also in agreement with the
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TABLE I. Comparison of calculated EFG's for the three model structdiel, 111 ) with experimental
results. TheV,, values are in units of 28 V/m?, the vq values in units of kHz, and lattice parameters in A.

Lattice
Structure model Site V,, vq 7 parameter
| Y:6f x=0.6665 21.6 0.33 a=6.3442
D(T):12g x=0.3542 T -2.2 22.9 0.78 c=6.5997
y=0.0311
z=0.0902
D(m1l):2a Oo(m1) -6.0 62.6 0.0
D(m2):4d z=0.1874  O(m2) -5.0 52.1 0.0
Il Y:6 f x=0.6637 21.7 0.45 a=6.3440
D(T):12g x=0.3521 T -2.2 22.9 0.78 c=6.5997
y=0.0321
z=0.0903
D(ml):2a O(m1) -5.7 59.4 0.0
D(m2):4d z=0.1882 O(m2) -51 53.2 0.0
I Y:6c¢c x=0.6717 20.9 0.73 a=6.3441
z=0.25 €c=6.5998
D(1):6c x=0.3054 T -2.3 235 0.65
z=0.0898
D(2):6¢ x=0.3601 T 2.0 21.0 0.61
z=0.4090
D(3):2a z=0.3166 O -53 55.5 0.0
D(4):4b z=0.2073 O -5.2 54.3 0.0
Expt. D 2.3 24.¢1 0.59+0.05
D 5.6 58.0t1 0.0

analysis of our spectra. Furthermore, the asymmetry paranier for Y and D. The EFG’s for yttrium are defined almost
eter » is equal to zero for the octahedral positions as it alsccompletely by its valence contributio®9%). The EFG for
results from our decomposition for th& component. Al-  deuterium, on the other hand, is predominantly determined
though there are two different octahedral sif€3) and by its lattice contribution with a 3—4 times larger absolute
D(4)] in the P6scm-type structure withV,, equal to—5.3  value than that for the valence part. For Y fhe component
X10°° Vm~2 and —5.2x10°° Vm~2, respectively, they dominates thél’ decomposition whereby a smalléd com-
are indistinguishable in the spectra, because the finite lifeponent is also found.
time of the transverse nuclear magnetization leads to a As the temperature is increased above 290 K, changes in
smoothing of the distribution function resulting from quadru- the spectra appear. In the beginni390 K), the convex top
polar interaction alone. A similar argument applies to theat the center flattens and a central resonance line of very
D(1) and O2) atoms belonging to the tetrahedral sites. small intensity arises. A further temperature increase gener-
The 7 value for the tetrahedral site3) is not equal to  ates two doublets withv,=33 and 16.5 kHz, in addition to
zero for both types of structures. There is a substantial difthat with v,=58 kHz, already present at 180 K, and an in-
ference between the values for the HoB- andP6s;cm-type  tensity increase of the central component as is illustrated in
structures. Such a difference easily manifests at the center &ig. 2. The easiest interpretation of these doublets would be
the spectrum, since a convex shape is expectegfot and to assume a motion of tetrahedral deuterium taking place,
a concave one fo~0.5 (Ref. 37. The experimental spec- since the 58 kHz octahedral D doublet is hardly affected by
trum shows a concave shape at the center and its value tfe temperature changes. The character of this motion must
7=0.59 obtained for théB component clearly favors the be such that the two different deuterium sites, both with a
P6s;cm-type structure model when comparing to the calcu-Wyckoff symbol of &, remain distinct(we consider the
lated valuesy;=0.65 and 0.61. Also the absolute values for P6;cm-type structure from now on—see Tablg In the
V,, (only these are available in the NMR experimenas  other case, a single resonance line would be expected where
calculated for structure Il agree very well with the experi- fast D atom interchanges between the differensées were
mental ones. to occur. Therefore correlated hopping of the deuterons be-
Analyzing the contributions to the EFG from the valencetween nearby sites imb planes shall now be considered.
electrons inside and the charge distribution outside the refhis movement will change the shape of the spectrum de-
spective muffin-tin sphere, we observe a quite distinct behaywending on the orientation between the principal axis of the
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FIG. 2. Temperature evolution of the deuteron NMR powder

spectra in YD gg. Incipient superimposition of the three quadrupo- entation of the other two axd$or V,, andV,,), which are
lar doublets is seen d=300 K. The outermost, intermediate, and perpendicular to that fov,,, has no influence on the simu-
innermost doublets corresponditg=58, 33, and 16.5 kHz, respec- |ated spectrum. The hopping occurs as a correlated cyclic
tively. exchange of the deuterium atoms at the corners of these
) ) _ dashed triangles. Values of, equal to 24 kHz andy
EFG tensor and the axis about which the hopping takes. 59 are used and it is assumed that the motion rate is
place, which is a threefold symmetry axis in the present eXp,,ch greater tham, for these sites. The resulting simulated
amplg. We haye simulated the spectrum assuming that thﬁaectrum yields a quadrupolar doublet with=17.3 kHz,
principal axed(i.e., the axes for th&,, componentsof the  ¢|ose to one of the doublets observed at elevated tempera-
EFG ten_sors for.th.e three deuterons at the_corners of equigres (above 290 K. The other tetrahedral site subset may
lateral triangles lie in theb plane and are a_lllgn.ed towards have a largen,, because of the absence of fast deuteron
the centers of the dashed triangles shown in Fig. 3. The Ofiumps at lower temperatures. While at these lower tempera-
tures then value for D(2) appears to be the same as that for
~. D(1) . D(1) (»=0.59), a value ofyp=0 is observed(Fig. 2) at
= N higher temperatures. This could either be due to a small dis-
placement of the deuteron position inside the yttrium tetra-
hedron or due to fast “rattling” around its symmetry center.
Both effects could be stimulated by deuteron hopping in the
D(1) tetrahedral site subset. Figure 4 shows the integral in-
tensity of the component withvy=16.5 kHz versus tem-
perature. The intensity grows with temperature at the ex-
pense of the doublet withv,=33 kHz. This can be
interpreted by an increasing number of hoppin@)Datoms
with increasing temperature. The intensity of the outermost
doublet(at 58 kH2 exhibits only a weak temperature depen-
® dence. In addition to the three doublets, a sharp central line
begins to grow with increasing temperature and reaches
~A L about 3% of the total intensity at=370 K. It is likely due
1 to diffusion of the deuterons over many sites in the three-
1 dimensional(3D) crystal space.
~ ® Let us add that a consequence of this model for the deu-
teron motion in the plane would be a “layer” structure, i.e.,
— an increased anisotropy of the ¥Donfiguration, contrary to
the situation where there is deuteron hopping in 3D space. In
® e fact, two-dimensional2D) weak localization or Kondo scat-
tering was suggested to explain the logarithmic divergence of
(b) the electric resistivity in YH_ 5 (Ref. 38.
In addition to the?’H NMR spectra, the spin-lattice relax-
FIG. 3. Schematic drawings in the (001) plane(afthe D(1) ation rates, I/;, were also measured. These results are close
triads atz=0.0898 and(b) a D(2) triad atz=—0.0910. For the to those reported by Balbadt al'® There is a sharp rise of
D(1) atoms the correlated hopping of deuterons along each side of %/T; near 290 K typical for thermally activated motion of the
triangle would form a doublet withvq=17.3 kHz. D atoms. The activation energy is deduced to Bg
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=0.50(2) eV, well within the range of 0.45—0.55 eV esti- With a 1:1 intensity ratio at the beginning. The distance be-
mated from their experiments. tween the cusps of the innermost doublet, 8.25 kHz, is such
that it can correspond to deuteron jumps to nearby sites in
the ab plane. When the temperature is raised to 370 K, the
CONCLUSIONS intensity of this component grows at the expense of the sec-
) o ) ond “tetrahedral” one ¢4=33 kHz). This would indicate
_The calculations of the electric field gradients for thehat gradually all tetrahedral D atoms start hopping. In addi-
P3cl andP6s;cm structures and their comparison with the tion, a narrow central resonance line is observed whose in-
experimental values obtained frofH NMR experiments tensity increases with temperature, taking up a few percent of
clearly favor the latter structure. The best fit of the experi-total intensity at the highest temperature used. The atomic
mental spectra has been obtained with the tetrahedral asymotion of deuterons amidst many deuteron positions is re-
metry parametery=0.59. The closest agreement with the sponsible for its presence. The temperature dependence of
value mentioned above was obtained from first-principleghe spin-lattice relaxation times confirms the thermal activa-
calculations for theP6;cm structure, yielding they values  tion energy for deuteron motion earlier reported by Balbach
0.65 and 0.61 for the respective tetrahedral D sites. At lovet al*®
temperatures, the decomposition of the spectra into two con-
stituents with an intensity ratio d¢f:% is in accord with the
proposed structure type, which has two inequivalent groups
of deuterons, namely D atoms at tetrahedral and octahedral The authors wish to thank Dr. T. J. Udovic and Dr. Q.
sites in the above proportion. Although the tetrahedral site$luang for providing structure details used in the present
in the space group6;cm split into two subsets of 6Wy-  work. They further thank Dr. D. Massiot and Dr. hab. R. Goc
ckoff symmetry each and similarly the octahedral sites intdfor making available their computer programs. O.&€-
4b and 2a, their EFG values are not different enough to beknowledges support from KNBProject No. 7TO8A05920
resolved in the present experiment. and by the exchange program between the Polish and Finnish
At higher temperatureG@bove 300 K the motion-driven  Academies; W.W. and P.H. are grateful to the Hochschulju-
fluctuations in the quadrupole interaction cause remarkablbilaumsstiftung der Stadt WielProject No. H-44/99 for
changes in the spectra. While the octahedral site componefihancial support. Fruitful discussions with Dr. hab. Z. La-
remains unchanged, the second is split into two doubletbowicz are appreciated.
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