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Abstract

The geometry and dynamics of the tunnel systems of H trapped by substitutional atoms in Nb has been studied by anelastic
spectroscopy on very diluted NbZr (H/D) alloys (x,y,0.0015). At such low impurity levels the features of the anelastic spectrum ofy x

the nearly non-interacting complexes are observable, and finally provide clear evidence of the delocalization of H in centrosymmetric
four-level systems (FLS). An additional process is found at liquid He temperatures, besides that present also at higher concentrations, and
similar to the anelastic response of a two-level system. The new process has an intensity that does not vanish for small asymmetries and a
slow rate dominated by two-phonon transitions. Such features can be easily explained in terms of a simple perturbative approach, in which
the transitions with the intermediate energy levels of a FLS turn out to be prohibited in the first order.
   2002 Elsevier B.V. All rights reserved.
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1 . Introduction evidence of a multi-level tunnel system, compatible with a
FLS but also for example with a ring of six T sites [5].

The tunneling of H trapped near interstitial (O, N, C) or Here we present results of anelastic spectroscopy mea-
substitutional (S5Ti, Zr) impurities in Nb, Ta and V has surements on highly diluted Nb Zr single crystals,12x x

been the object of several experimental and theoretical where the interactions among the impurities are low
investigations (Ref. [1] and references therein). The case of enough that the relaxation processes of the nearly un-
the O–H pair is well understood in terms of a two-level perturbed complexes can be clearly observed. It turns out
system (TLS) with prevalent non-adiabatic interaction with that such tunnel systems are indeed centrosymmetric FLS,
the conduction electrons [1–3]. Instead, in the case of the and both the complex phenomenology and the indications
more symmetric S–H pairs, several indications have been of different geometries at higher concentrations result from
obtained of H delocalization over the four tetrahedral (T) the severe distortions of the trapping environments.
sites of a face of the cube enclosing the S atom, forming a
centrosymmetric four-level system (FLS, see Fig. 2 later).
However, no experiment was conclusive and other geomet-2 . Experimental
ries have also been proposed: an anelastic experiment on a
Nb single crystal with 2 at% Ti indicated overbarrier The Nb Zr samples, withx 5 0.0045 and 0.0013,12x x

3jumps between tunnel systems of H delocalized over pairs were single crystal bars approximately 23 3350 mm ,
of T sites across different cube faces [4]. Inelastic neutron with the longest dimension parallel to 100 prepared atf g

¨scattering (INS) measurements of the excited states of H the MPI Institut fur Metallforschung of Stuttgart. They
27trapped by Ti in Nb exhibit a complex structure that is were annealed at 2070 K for 8 min at,10 mbar.

Charging with H and D was made by equilibration with
appropriate amounts of H /D at|870 K in a UHV2 2*Corresponding author. Tel.:139-06-4993-4114; fax:139-06-2066-

210 29system with starting pressure around 10210 mbar.0061.
E-mail address: cordero@idac.rm.cnr.it(F. Cordero). When dealing with such low impurity contents, it is
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important to check that unwanted oxygen does not affect
the measurements, since Nb has a high affinity for O,
which in turn forms complexes both with H/D and Zr.
This was done in several ways: the resistivities of the
Nb Zr bars were found in perfect agreement with the12x x

nominal Zr contents; the charging and outgassing treat-
ments were verified to not introduce appreciable amounts
of O from the reproducibility of the anelastic spectra after
several treatments. Finally, it was checked that none of the
features of the anelastic spectra is attributable to complex-
es containing O, by intentionally doping with O.

The samples were suspended in correspondence with the
nodal lines and electrostatically excited on their flexural,
extensional or torsional modes at frequenciesv /2p,
measuring the complex dynamic compliances(v, T )5

21s91 is0. The elastic energy dissipation coefficientQ 5

s0 /s9 was measured from the decay of the free sample
vibration, and contains contributions from any dynamic
process coupled with the strain caused by the vibration. In
the simple case of transitions between two levelsE andE1 2

modulated by the straiń according tog 5≠E /≠´ anda a

with instantaneous populationsn reaching equilibriuma
21with a relaxation ratet 5n 1n , it is [6]12 21

2n n g 2gc vt Fig. 1. Evolution of the anelastic spectrum with increasing Zr and Ds d1 2 1 221 ]]]]]]]]]Q . , (1) contents; curve 1 refers to the 0.13% Zr sample with 0.015% D, while2v k T s9 11 vt0 B s d
curves 224 to the sample with 0.45% Zr and 0.0156%, 0.0353% and
0.14% D. The crystals were excited atv /2p . 40 kHz in extension alongpeaked at the temperature wherevt 5 1. In the case of a
100 . Note that curve 2 has a higher background dissipation. In part b)f gFLS, the solution of the rate equations would yield much the curves are normalized to the height of peak H2, multiplying by the

more complicated expressions in terms ofn andn . Still, factors indicated in the legend. The spectra at low D contenty scale witha ab

the relaxation strength (the part independent ofvt) is the y on the same sample.

sum over all the pairs of levels of terms like that in Eq. (1)
[7], while it will be shown later that there are mainly two sample with 0.13% Zr and 0.0150% D, while curves 2–4
relaxation modes with widely different rates, so that Eq. refer to the sample with 0.45% Zr charged with 0.0156%,
(1) can be used to discuss the absorption peaks resulting0.0363% and 0.14% D, respectively. There are at least four

21from each of these modes. Q T peaks: the ones labeled T1 and T2, at 2 and 7 K,s d
are due to transitions of the D atoms between coherent
tunneling states, while H1 and H2 near 100 and 150 K are

3 . Results and discussion due to reorientational hopping around Zr. There is a
qualitative change of the spectrum passing from curve 1 at

3 .1. Anelastic spectra at low concentrations of x 5 0.13% to curve 2 at 0.45% with the samey 5 0.015%,
impurities and the spectrum atx 5 0.13% is certainly more repre-

sentative of the undistorted Zr–D pairs. Therefore, peaks
The anelastic spectra of the hydrogenated substitutional T2 and H1 are associated with nearly undistorted Zr–D

Nb alloys contain contributions from both transitions of H pairs, and this is better seen in Fig. 1b, where the curves
between coherent tunneling states at liquid He tempera- are normalized to the intensity of peak H2; it appears that
tures, and from hopping among tunnel systems around a at infinite Zr dilution only peaks T2 and H1 would be
same S atom at liquid N temperatures. The spectra for S present. Instead, processes T1 and H2 must be associated2

concentrations above 0.5 at% display a rather complex with Zr–D pairs whose symmetry is lowered by the elastic
phenomenology, which has been in part already discussed interactions with the other complexes.
[4,8–11] and will not be considered here. We will limit It is noteworthy that when passing from curve 1 to curve
ourselves to the evolution of the spectrum of Nb Zr D 2 both peaks T2 and H1 are not broadened or covered by12x x y

for x # 0.5%, as shown in Fig. 1a for the case of the the rest of the spectrum, but they are actually depressed; in
excitation of the 1st extensional mode of 100 oriented addition, peak T2 reappears in the 0.45% Zr sample withf g
samples (1/2 (s 2 s ) or E-type mode assuming no pure practically the same shape with further increase of the D11 12

volume relaxation,v /2p . 40 kHz). Curve 1 refers to the content (curve 4). This behavior can be understood as
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follows: the ‘little perturbed’ Zr–D pairs giving rise to
peaks T2 and H1 must have site energy perturbationsa
(asymmetries) smaller than a valuea . With 0.13% Zr the0

width of the distributiong a of the energy asymmetries iss d
of the order ofa , so that there is a considerable fraction of0

‘little perturbed’ Zr–D and peaks T2 and H1 dominate the
spectrum. Taking into account the asymmetries found for
the TLS of O–H pairs in Nb [1,2], and assuming that
substitutional Zr perturbs the lattice much less than
interstitial O, it should bea | a y 5 0.13% | 12 5 K. Ats d0

higher Zr content,g a is broader, and the fraction of sitess d
with a , a is correspondingly smaller. Keepingy con-0

stant, the total number of complexes witha , a may0

decrease both because of a reduction of the absoluteFig. 2. Cell with a substitutional atom in the center and H delocalized
number of Zr atoms whose environment satisfiesa , a , over four tetrahedral sites; each site is surrounded by a tetrahedron of host0

atoms. The ellipsoids represent the strain tensor (elastic dipole) associatedbut also because certain types of highly distorted Zr
with the H occupation in each site. AnE-type strain´, like that indicatedenvironments may become energetically favorable and
by the arrows, changes the site energies by6a /2, as indicated by thetherefore more populated by D during cooling. A quantita-
signs within the ellipsoids. On the right side is the resulting diagram of

tive estimate of these effects is beyond our possibilities, the energy levelsE ´ ; the small arrows indicate the modulation of thes di

but an increase of the width of a lorentziang a from e.g.s d energies from the strain due to the sample vibration.
|1 K to |10 K would be sufficient to account for a
sensible reduction of the intensities of the peaks. Such trum with the T spectrum multiplied by 3.13 (dashed–
intensities recover by further increasingy, up to populating dotted line). The absence of peak H1 in the T-type mode
again a sufficient number of ‘unperturbed’ Zr traps, as is demonstrates the tetragonal symmetry of the nearly un-
particularly evident for peak T2. The fact that its shape perturbed Zr–D pair.
remains unaltered demonstrates that it is indeed due to It is also interesting to note that the whole spectrum is at
unperturbed traps. least three times less intense under T-type excitation than

The above explanation is based on the hypothesis thatunder the E-type one (20 times smaller at liquid He
the distribution of asymmetries is only determined by the temperatures [11]), and this is an indication that the H
contentx of Zr, while the interaction between D atoms is atom feels mainly the tetragonal symmetry of the T site
negligible. This hypothesis is reasonable fory < x, as in also when trapped by Zr. In fact, the elastic energy of T
the present experiments, and is confirmed by the fact thatsites is unchanged bý strain [6], and a relaxation ofs44 44
the curves 2 and 3 in Fig. 1b, normalized according to the can only come from a deviation of the site (or complex)
height of peak H2, are nearly coincident, and the normali- symmetry from the tetragonal one. The fact that the T site
zation factor exactly coincides with the ratio of the D symmetry is little affected by the presence of a nearest
contentsy. neighbor substitutional atom is also deduced from the INS

spectra of the vibrations of H trapped by substitutional Ti

3 .2. Symmetry of the S–H pair

Fig. 2 represents a Nb cell containing an S atom, with
the proposed [8,10] FLS geometry for H delocalization
over a cube face. In the unperturbed case, such an S–H
pair has a 100 tetragonal symmetry, as is evident byf g
imagining that H is delocalized with the same probability
over the four T sites, and this symmetry should appear also
in the stress-type dependence of the intensity of the peaks
due to the reorientational hopping among different tunnel
systems around the S atom (peaks H1 and H2). This is
shown in Fig. 3 for the 100 oriented sample with 0.45%f g
Zr, excited on the 1st extensional mode (E-type, 1/2
(s 2 s )) and 3rd torsional mode (T-type,s ). Since11 12 44

both modes happen to have nearly the same frequency
Fig. 3. Dependence of the elastic energy loss on the stress symmetry, by

|40 kHz, the curves can be directly compared, and it exciting a same 100 oriented crystal on its 1st extensional (E-type) orf g
appears that peak H2 is present in the E-type but not in the3rd torsional (T-type) modes; the frequency is|40 kHz in both cases, so
T-type mode. This becomes clear comparing the E spec-that the spectra can be directly compared.
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in Nb, which are hardly different from those in pure Nb vibration modulates´, the modulation ofE is ≠E /≠´ 5 a /s
[12]. E g (indicated by small arrows in Fig. 2) and vanishes ford

The distorted pairs responsible for H2 have a lower a 5 0, implying vanishing relaxation strength in Eq. (1),
symmetry and therefore appear also in thes mode, and exactly like a TLS. The two intermediate states are44

they are responsible for the anelastic results on 0 1
Nb Ti H , interpreted in terms of jumps between 1 10.98 0.02 y 1 0

] ]u2l5 , u3l5 (4)] ]tunnel systems over pairs of T sites across two cube faces Œ Œ0 2 12 23 4 3 4
with 110 orthorhombic symmetry [4]. Delocalizationf g 21 0
over a ring of six T sites [5] can be excluded, since it

with H delocalized over either of the two pairs of oppositewould have 111 symmetry with a dependence of thef g
sites with the same energy6a /2; the resulting energies areintensity of peaks H1 and H2 on the stress symmetry
thereforeE 5 6a /2. These levels behave as the classi-2,3opposite to the observed one at all defect concentrations.
cal site energy and the corresponding relaxation strength
remains finite also for zero asymmetry. The resulting3 .3. The four-level tunnel system
scheme of the energy levels versus strain is shown in Fig.
2; the introduction of a tunneling matrix element betweenFrom the above discussion we conclude that it is
opposite sites would slightly shift the relative position ofpossible to approximate the response of a nearly un-
the energy levels, leaving unchanged the main features.perturbed FLS in terms of the elastic energy of unper-

turbed T sites, and therefore it is sufficient to deal with the
3 .4. Peak T2: intermediate levels of a FLSE-type stress only. In fact, any stress of a cubic crystal can

be expressed in terms of hydrostatic, two E-type and three
The presence of the two intermediate states 2 and 3 inT-type stresses; the latter do not affect the T site energies,

the energy level scheme of Fig. 2 allows a FLS to bewhile the hydrostatic stress affects all the sites in the same
clearly distinguished from a TLS by decreasing the con-manner. Fig. 2 represents the effect of a uniaxial 100f g
centration of S atoms, so that the average internal strainsstress on a FLS; also indicated is the tetrahedron of metal
become low enough that for a considerable fraction of FLSatoms nearest neighbor to a T site, with the tetragonal axis
it is a & t. In fact, in these conditions, the intensity of theas a dashed line. The pairs of opposite sites indicated with
tunneling peaks should vanish for TLS but not for FLS.the minus sign have equivalent tetrahedra (a translation and
This is just observed in Fig. 1, where passing from 0.45%an inversion do not change the strain ellipsoid, neglecting
Zr to 0.13% Zr with the same 0.015% of D, peak T1the influence of the S atom) and therefore are elastically
decreases 7.7 times, while peak T2 even increases (theequivalent; the other pair of sites indicated with the plus
increase has been explained in terms of the number of littlesign have instead tetrahedra rotated by 908. Then, in the
perturbed Zr–D pairs, see Section 3.1).presence of the uniaxial strain the elastic energies of the

Peak T1 is instead due to transitions between levelspairs of sites change by6a /25g´, so that the FLS
depending on strain as levels 1 and 4 of a FLS or those ofremains centrosymmetric, at least in first approximation.
a TLS, and in fact it can be semiquantitatively explained inThe corresponding Hamiltonian in the localized representa-
that way, with parameters of the TLS/FLS close to thosetion is [1,10]
of the O–H/D pair [11] (see later). It is even possible to

a t 0 t explain a remarkable effect of the isotope mass, with the
1 t 2 a t 0 intensity of D |50 times larger than that of H [11].]H 5 , (2)2 0 t a t3 4

t 0 t 2 a
3 .5. Dynamics of a FLS

where t is the tunneling matrix element between nn sites,
which should be similar to that for tunneling near an O The fact that peak T2 is markedly shifted to higher
atom [1,2], t /k . 2 K and t /k . 0.24 K with ≠t /H B D B temperature with respect to H1 implies a much slower
≠´<g, anda is due to the E-type component of a static relaxation rate. However, even in the case that peak T1 is
strain from the surrounding complexes. Two of the eigen- exclusively due to TLS from very distorted Zr–D pairs and
states of Eq. (2) are H2 to FLS, if the parameters of FLS and TLS are similar

]] one would expect also similar relaxation rates. Then, it hasŒE7a
]] to be explained why the relaxation of the intermediateŒ1 7 E 2 a

]]u1,4l5 , (3) levels of a FLS is much slower than that of the levels 1/4] ]]Œ Œ2 E E7a3 4 or of a TLS.]]Œ7 E 2 a The issue of the dynamic response of a FLS is more]]]2 2Œseparated in energy byE 5 a 1 4t , and correspond to complex than for a TLS, especially if taking into account
the levels of a TLS between one of the pairs of nn T sites, the non adiabatic interaction with the conduction electrons
but with tunneling energy 2t instead oft. When the sample [1–3]. An attempt in this sense has recently been done
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[13], finding two types of oscillations of the probabilities
of the site occupations; long-lived oscillations of H
between opposite sites are found even in the incoherent
regime, but their decay does not seem slow enough to
justify the observed shift of peak T2. Note, however, that
the tunneling peaks occur in the superconducting state of
Nb (T 5 9.25 K), where the coupling constantK . 0.07 toc

the conduction electrons is reduced by a factor of 2/ [11]]]
2exp(2D /k T )], D T . 12 T /T 3 17.7 K being thes d s dœB c

superconducting energy gap [2,3]. This means that the
predominant interaction with the electrons is drastically
reduced, and we can use simple perturbation theory
between coherent tunneling states. The transition rate

2between levelsi and j is then proportional toukiuV u jlu ,
whereV is the modulation of the asymmetrya from the
interaction with the phonons and the conduction electrons.
The transitions between the levels 1 and 4 involve the
same matrix element as in the case of TLS between pairs
of nn T sites, and therefore the resulting rate is comparable
to that of the corresponding TLS. These transitions can
contribute to peak T1, together with the relaxation of TLS
from very distorted traps. Instead, the matrix element
k2uV u3l between the intermediate eigenstates is null, what-
ever the form ofV (but always diagonal). The perturbation Fig. 4. The two well separated elastic energy loss peaks due to: (i) the
V can connect the intermediate levels with levels 1/4 only relaxation between levels 1 and 4 of FLS and possibly of TLS from

distorted Zr–D pairs (peak T1 at 2 K); (ii) the relaxation of theif it is non-centrosymmetric; such a perturbation is certain-
intermediate levels of the FLS (peak T2). The continuous line is obtainedly smaller than the centrosymmetric one, since it is due to
assuming 1st order transitions between the levels with interaction with the

the deviations from the perfect lattice introduced by the S 21 5.4electrons for peak T1 and at |T law for peak T2.
atom; the reduction of the intensity of peak T1 by a factor
|20 when passing from E-type to T-type excitation
demonstrates that such deviations are small [11]. of the latter ist /t . 5.6, close to the ratio 7.52 9 foundH D

We conclude that first order transitions involving inter- for the TLS of the O–H pair in Nb.
mediate states of a centrosymmetric FLS are prohibited or In the higher frequency curve with D we also included
occur at a reduced rate due to a matrix element which is the theoretical curve for TLS relaxation with tunneling
null or smaller thank1uV u4l; then it is possible that two- energyt 5 0.12 K, asymmetries distributed according to aD

phonon and higher order transitions become predominant. lorentzian of width 2 K, a phonon couplingg 5 500 K and
This is confirmed by the analysis of peak T2 (Fig. 4a), a rate given by Eq. (5) withK 50.07; these parameters are

21 nwhich can be very well described byt ~T with n 5 close to those found for the O–D pair in Nb, and reproduce
5.42 6 without any broadening. The data of T2 measured reasonably well peak T1. Note that the introduction of the
in the 0.13% Zr sample with 0.015% D at two frequencies distribution function for the asymmetries is essential for
exclude the dependence the description of peak T1, whose amplitude vanishes for

zero asymmetry, but not for T2; the fact that peak T2 does
21 21 2t 5 p /2" K 11 expD /T t /E 4T (5) not require the introduction of a broadening, and its shapes d s df s d gs

remains unchanged at higher concentrations (curve 4 of
expected for transitions promoted by the interaction with Fig. 1a) is a further confirmation that it is due to nearly
the electrons [1,2], and valid for peak T1; on the other unperturbed Zr–D pairs.

21 nhand, thet ~ T dependence, withn .2, is characteris-
tic of two-phonon processes. Fig. 4b shows the same peak
measured with H, which again can be remarkably well 4 . Conclusion
fitted with the same temperature dependence. The higher
background dissipation with the distinct drop belowT It is possible to provide a semiquantitative description ofc

indicates a stronger contribution from transitions promoted the tunneling dynamics of H/D trapped by substitutional
by the electron interaction, compared to the D case. The Zr in Nb at very low concentrations of Zr and H, when the
ratio of the relaxation rates of the two isotopes turns out to site energy perturbations due to the elastic interactions do

21 21 21be t /t |30, and sincet is proportional to the not destroy the symmetry of the S–H pair. The tunnelingH D

square of the effective tunneling matrix element, the ratio energy of H and D and the coupling strengths to the
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phonons and electron excitations are close to those found consistent with the suppression of the first order phonon
for the TLS formed by the O–(H/D) pairs in Nb, and electron excitations of the intermediate levels, and a
indicating that the trapping impurity has a minor role in residual contribution from higher order phonon transitions.
determining such parameters. The higher symmetry of the
Zr–H pair, however, allows H to be delocalized over four
tetrahedral sites of a face of the cube containing the A cknowledgements
substitutional atom, giving rise to a pair of additional
eigenstates with respect to a TLS. Such intermediate The authors are grateful to H. Schultz for supplying the
eigenstates have H delocalized over either pair of equiva- Nb Zr single crystals.12x x
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