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Localized modes and hydrogen trapping in niobium with substitutional impurities
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The trapping of hydrogen by the substitutional impurities Ti and Cr in Nb has been inves-
tigated by neutron inelastic scattering measurements of hydrogen vibration spectra as a
function of temperature. In the case of Ti, the hydrogen is in a trap which is deep enough
to prevent precipitation into the hydride phase at low temperatures. In the trapped state,
the hydrogen occupies a tetrahedral site which is likely to be a neighbor of the Ti impurity.
The higher-energy vibrational-mode peak is shifted down by ~10 meV and broadened
somewhat with respect to that in pure niobium. In the case of Cr impurities the trap is shal-
lower, and precipitation to the hydride phase is not inhibited at low temperatures. By
studying the detailed behavior of the temperature dependence of the vibrational line shapes
for dissolved, trapped, and precipitated H, a binding energy at the Cr trap of 105+10 meV

has been derived.

I. INTRODUCTION

The phenomenon of the trapping of hydrogen by
various defects and impurities in metals has been the
subject of considerable recent interest. Early ther-
modynamic measurements such as vapor pressure!
and solubility? showed that trapping could occur at
substitutional impurities and defects produced by
cold working of the metal. Resistivity measure-
ments® showed that in NbN, H,, precipitation of hy-
drogen into the hydride phase at low temperatures
was completely suppressed for y < x, while internal-
friction measurements* showed specific relaxation
peaks related to hydrogen-impurity pairs. Quasi-
elastic neutron scattering® allowed a direct probing
of the trapping mechanism, which revealed complex
capture and release processes which are a conse-
quence of the spatial extent of the distorted region
near an impurity.

Recent work has focused on the microscopic
behavior of H in the trapped state. Internal-friction
measurements on NbO, H,, (Ref. 6) were interpreted
in terms of various relaxation processes. Low-
temperature specific-heat anomalies’ were interpret-
ed as evidence of H tunneling near the impurities, a
view supported by ultrasonic attenuation measure-
ments.® Neutron inelastic scattering® allowed the
direct observation of a tunnel-split hydrogen ground
state in NbO,H,, at low temperatures. Quasielastic
neutron scattering!” revealed a local hopping process
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of the H near an O or N impurity in Nb at higher
temperatures. However, in spite of all these mea-
surements, the information on the local site symme-
try of a trapped proton has remained either contra-
dictory or nonexistent. In addition, a detailed
knowledge of the trapping site and the potential be-
tween hydrogen and an impurity is required for a
complete understanding of the trapping process and
of the local dynamics of the trapped hydrogen.

Both of these problems can be addressed directly
by neutron inelastic scattering studies of the vibra-
tional states of the hydrogen. Such studies reveal
two specific types of information.

(1) The magnitude of the vibrational frequencies
gives direct information about the strength of the
metal-hydrogen interaction and thus about the po-
tential. In particular, for systems with impurities,
the effects of lattice strains and/or local changes in
the electronic environment can be probed.

(2) The intensity of the neutron scattering is
directly related to the degeneracy of the given levels,
which is in turn a direct consequence of the point
symmetry of the interstitial position occupied. For
example, in body-centered-cubic metals for both the
octahedral and tetrahedral sites, one of the two fun-
damental levels is twofold degenerate. However, for
the octahedral site it is the lower-energy level, while
for the tetrahedral site it is the higher-energy level.
For sites with lower symmetry (e.g., the triangular
sites) all three fundamental energy levels are nonde-
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generate. This sensitivity to the local environment
of the hydrogen makes neutron spectroscopy a
uniquely powerful tool in the assignment of the in-
terstitial site occupied.!!

In addition, trapping phenomena associated with
changes of the vibrational energy levels of the hy-
drogens can be studied in detail by measuring the
temperature dependence of the neutron scattering
line shapes. The transfer of intensity from the free-
to the trapped-energy level is directly related to the
temperature dependence of the relative occupations
of the two types of site, and hence to the trapping
energy.

Recently, neutron inelastic scattering was used for
the first time to study the vibrational spectra of hy-
drogen trapped by interstitial N and O impurities in
Nb.!2 A surprising result of that study was that the
impurities had only a small effect on the basic ener-
gy levels of the hydrogen vibrations. This, coupled
with the observed degeneracy of the levels, led to the
conclusion that the hydrogen was trapped in a rela-
tively undistorted tetrahedral site in the vicinity of
the impurity. In the same study it was shown that
vanadium substitutional impurities below the 1%
level did not prevent precipitation of a hydride
phase at low temperatures. In this paper, we extend
these measurements to a detailed study of trapping
by the substitutional impurities Ti and Cr in Nb.
These two elements were chosen for study because
Cr causes the largest elastic distortion in Nb, and
hence is expected to trap mainly by elastic interac-
tion, while Ti has a large affinity for hydrogen, and
hence may be expected to trap by electronic interac-
tions. From the present study, in which the details
of the temperature dependence of the various spec-
tral components are studied for the first time, we are
able to determine the binding energy of the trap as-
sociated with Cr from the temperature dependence
of the occupation of the trap.

II. EXPERIMENTAL

The Cr- and Ti-doped polycrystalline Nb samples
were produced by HF induction melting. Marz
grade Nb with a nominal purity of 99.99% was used
as a starting material. It was decarbonated and sub-
sequently degassed in ultrahigh vacuum. The nomi-
nal purities of the alloying elements were Ti
(99.999% purity) and Cr (99.99% purity ). The ac-
tual dopant concentration was controlled by atomic
absorption spectroscopy and yielded 0.899+0.002
at. % Cr and 0.998+0.021 at. % Ti. Hydrogen load-
ing was performed from the gas phase and moni-
tored by weight increase. The resultant H concen-

trations were 0.92+0.02 at. % for the NbTi sample
and 0.8810.03 at. % for the NbCr sample, in both
cases slightly below the substitutional impurity con-
centrations.

The experiments were carried out on the BT-4
triple-axis spectrometer at the NBS research reactor.
Cu 220 was used as a monochromator, and a Be fil-
ter at liquid-nitrogen temperature was utilized as an
analyzer. The cold Be-filter analyzer combines a
well-shielded detector (225 cm?) with large vertical
and horizontal divergence and yields a high signal-
to-noise ratio. Applying a collimation of 40 min be-
fore and after the monochromator, the energy reso-
lution varied between 6.5 meV full width at half-
maximum (FWHM) at 100 and 9.5 meV at 170 meV
energy transfer.

III. RESULTS

"Figures 1 and 2 show spectra obtained on
NbTi,H, and NbCr,H,, respectively, at various
temperatures. Figure 3 shows the detailed tempera-
ture dependence of the inelastic intensity around the
lower-peak position studied for NbCrH. All spectra
have been corrected for the fast neutron background.
In addition, the scattering from the Nb metal was
removed by subtracting a spectrum obtained from
pure Nb. At room temperature NbTiH exhibits a
broad density-of-states distribution which peaks
around 104 meV and shows only a weak broad
feature at higher energies, close to that observed for
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FIG. 1. Inelastic spectra obtained from NbTig o;Ho 09
at three temperatures. The arrows indicate the peak posi-
tions in the hydride phase (Refs. 13 and 14).




27 LOCALIZED MODES AND HYDROGEN TRAPPING IN NIOBIUM . .. 6229

500

= & &
S S S

counts /monitor
(%2
o
(=]

400
300
200 o7 1 L I
80 100 120 140 160 180
hiw (mev)
FIG. 2. Vibrational spectra obtained from

NbCro.009Ho.009 at two temperatures.

a-NbH, gos and NbV g0sHo, 005 in a previous study.'?
The position and width of the lower peak change
relatively little with decreasing temperature. The
higher fundamental, onh the other hand, sharpens
considerably with decreasing T and shifts by about
10 meV toward lower energies. At 10 K both fre-
quencies are distinctly different from those in the
ordered hydride phases (indicated by arrows in Fig.
1).

In NbCrH the frequency distribution at room
temperature is similar to that observed for NbTiH.
Again, we observe a very broad density of states

peaks are sharp and at the same energy as in the
Nb-hydride phase. In Fig. 3 the intensity transfer
from the high-temperature peak near 106 meV to
higher energy peaks at lower temperatures is
displayed. As can be seen, a second peak develops
gradually at an energy of approximately 123 meV
(T=250, 235, and 220 K). At 210 K separate peaks
are not distinguishable, and we have a broad intensi-
ty distribution between 100 and 130 meV. Near 200
K a new center of vibrational density of state
develops near 117 meV. At even lower tempera-
tures, all of the intensity has shifted into this peak.

A. Data analysis and test of trapping models

Omitting optic and acoustic multiphonon contri-
butions, the double differential neutron cross section
for a three-dimensional harmonic oscillator for
energy-loss processes has the form:

aZO_ o.totkf
030 4rk; exp[ —2W,(Q)—-2W,(Q)]
3 ‘ﬁQZ
Xn§l 6Mw, do—a,) (1)

where k; and k; are the momenta of the incoming
and scattered neutron, Q=k; — k¢ is the momentum
transfer at the sample, M is the mass of the proton,
o, are the vibrational frequencies, o' is the total H
cross section, and W, and W, are the Debye-Waller
factor contributions from the band and the local
modes given, respectively, by

; 4 #Q? 3kpT
with a lower fundamental at 106 meV, quite close to Wy=—"—— (2)
that observed for pure a-NbH.!>? At 77 K both M, (kp®p)
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FIG. 3. Temperature dependence of the intensity distribution in the region of the lower fundamental vibration in
NbCro.009Ho.009- The upper solid line represents the result of a fit with the combined trapping and precipitation model (see
text). The broken line represents the a-phase contribution, the dashed line the intensity from protons in the hydride phase,
while the lower solid line displays the intensity originating from protons in the trap. Finally, the dot-dashed line shows the

background level.
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In the above, ®p is the Debye temperature
(®3°=275 K) and M, is the mass of the host
atoms. Since all experimental temperatures corre-
spond to energies well below the local-mode ener-
gies, occupation of the ground state only has been
assumed. For real systems, where the local H vibra-
tions are broadened due to lifetime effects (anhar-
monicity) and lattice strains, the 8 functions have to
be replaced by intensity distribution functions. In
what follows, we assume Lorentzian line shapes.

All of the data were first fitted to Eq. (1) (with
the & functions replaced by Lorentzians) convoluted
with the instrumental resolution, where the
Lorentzian widths, positions, and intensities were
the fitting parameters. It should be noted that the
exact widths extracted from this procedure would
change considerably if one were to assume a dif-
ferent line shape (e.g., Gaussian). However, these re-
sults do provide a basis for comparison. The instru-
mental resolution was obtained by convolution of
the monochromator resolution function with a Be
transmission function assumed to be constant from
0.0 to 5.2 meV and zero elsewhere. The resultant
peak positions and widths are listed in Table I,
where the estimated errors are derived from the fit-
ting procedure and do not include estimates of any
possible systematic errors.

Next, the data for NbCrg gooHy goo shown in Fig. 3
were fitted to three different models, each of which
explained the intensity transfer in different ways.
For each model, a different temperature dependence
of the occupation of trapped sites was assumed and
then all of the data for all temperatures were fitted
simultaneously, with the constants describing the as-
sumed temperature behavior as parameters. As
described above, the models were convoluted with
the resolution of the apparatus.

In the first model, only trapping was considered.
In this case, we assume that the peak at 300 K
represents the a-phase behavior while that at 80 K
represents the trapped state (see Table I). The tem-

perature dependence of the fractional occupations of
these two states can be inferred from thermodynam-
ic arguments.’ In the simplest case, a trapping re-
gion near an impurity atom can be described as a
number n of interstitial sites with potential energy
reduced from unperturbed sites by an amount AE,
the binding energy of the trap. In thermal equilibri-
um the chemical potentials of the dilute and trapped
fractions are equal, so that

kgTIn(zp/Zy)
=—AE +kpTn[(z,/Z,)1—2,/Z,)"'] ,

@)

where z; and z, are the number of protons in the di-
lute and trapped states, respectively, and Z;=6Zy,
and Z, are the available number of such sites. For
the dilute protons blocking can be ignored, but in
calculating the chemical potential for the trapped
protons it cannot be. After some algebra, the con-
centration of trapped protons is given by

Cy=~{Cy+Ci+(6/me /a7

—[Cy+C;+(6/n)e ~“E*sTy2

—4CyCi}1% (5)

where Cy and C; are the hydrogen and impurity
concentrations, respectively. In the above, we also
assume that each impurity can trap only one hydro-
gen, as has been shown for N in Nb.> Using Eq. (5)
with n and AE as fitting parameters, the result
shown as C; in Fig. 4 was obtained. The prediction
of this model, which shows a slow smooth variation
of concentration, is inconsistent with the rapid in-
tensity transfer observed in Fig. 3 between 220 and
200 K. This result is further supported by the fact
that the spectrum observed at temperatures <150 K
is virtually identical to that observed previously for
ordered hydride phases in Nb,!2—14

In the second model, we assume no trapping at
all, i.e., that the observed intensity transfer is due
only to hydrogen precipitation into the hydride
phase. In this case, the maximum hydrogen concen-

TABLE I. Vibrational frequencies of H in NbTig,o;Ho.000 and NbCrg, g00Ho, 000

Temperature fiw, FWHM #iw, FWHM
(K) (meV) (meV) (meV) (meV)
NbTiH 295 104.0+1.0 8.0+3.0
77 105.0+0.5 9.0£1.0 153.0£2.0 29.0£6.0
10 107.010.5 7.0+£1.0 153.0+1.0 20.0£2.0
NbCrH 295 106.0+1.5 16.0+£3.0
80 118.0+0.2 4.6+0.7 167.1+£0.5 14.8+1.2
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FIG. 4. Temperature dependence of the proton frac-
tions in the trapped state and/or in the hydride phase as
revealed from a fit with (i) a trapping model (C,;0); (ii) a
precipitation model (@); (iii) a combined precipitation and
trapping model (C,,H trapped proton fraction, x sum of
trapped and precipitated proton fraction).

tration in the dilute a phase is determined by the
phase boundary with the hydride phase and is given
by

Cazcoe—AH/kBT ’ ©)
where C, is a constant and AH is the enthalpy of
formation of the hydride phase. Using this model,
with Cy and AH as fitting parameters, the results
shown by the solid circles (@) in Fig. 4 were ob-

TABLE II. Parameters obtained from the simultane-
ous fit of the NbCrg g0oHg, 009 data.

Value Error
Fit Parameter (meV) (meV)
a-phase peak:
Position 108.1 0.3
FWHM 10.3 1.0
trapping peak
Position 123.3 0.8
FWHM 6.2 22
Hydride-phase peak
Position 116.7 0.3
FWHM 4.7 0.7
Binding Energy AE 105.0 10.0
Multiplicity of trap n 1.0%

?n is badly defined and therefore was kept fixed in the fit-
ting process. Changes of » do not significantly influence
the results for the other parameters.

tained. (Note that Cp=Cy—C,.) In contrast to the
simple trapping model, this model predicts too rapid
a transfer of intensity and does not account for the
intensity near 125 meV observed at the higher tem-
peratures (Fig. 3).

Therefore, we have combined the two models and
assumed that both trapping and precipitation occur,
i.e., that the binding energy of the trap is less than
the enthalpy of formation of the hydride phase. At
low temperatures, the concentration of hydrogen in
the dilute phase will be governed by the phase boun-
dary, assuming that the thermodynamic behavior of
the precipitation is not affected by the presence of
impurities.!> Starting once again from Eq. (4) and
noting that concentration in the dilute phase is now
given by C, as defined in Eq. (6), the trapped frac-
tion C; is given by

CoCi  _aE/KyT

C,=
d C,+(6/n)

(7
In order to minimize the number of parameters, the
well-established values'®3 of C,=4.7 [H]/[Nb] and
AH=0.12 meV were used for the fit, and AE was
allowed to vary. The result of this fit is the one
shown in Fig. 3 and the parameters obtained are
given in Table II. The trapped-proton fraction and
the sum of the trapped and precipitated fraction are
given in Fig. 4 (C, and x). It is evident from Fig. 3
that this combined model gives a good description
of the data, both the slow onset of extra intensity at
high temperatures, and the sudden increase in inten-
sity of the high-energy peak near 210 K.

IV. DISCUSSION

The salient feature of the NbTij o;Hg g9 data is
the complete absence of any peaks at the positions
found in Ref. 12 for the hydride phase of Nb at 10
K. (The positions of the hydride-phase peaks are
shown by arrows in Fig. 1.) Taking note of the fact
that if the hydrogen were to precipitate into a hy-
dride phase, the concentration of impurities in any
precipitate would be less than 1% of the hydrogen
concentration; this shows directly that the binding
energy of the trap is larger than the enthalpy of for-
mation of the hydride phase, so that precipitation is
prevented. This result is in agreement with recent
internal-friction measurements on'’ NbTi,H, which
revealed low-temperature relaxation peaks not found
in pure NbH and which were therefore attributed to
Ti-H pairs. In addition, the observed spectra are
similar to what is predicted for a tetrahedral site,
i.e., there are two fundamental energy levels, with
the higher one being twofold degenerate. As was
found for interstitial impurities,'? the linewidths ob-
served are larger than those observed for the hydride
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phase at room temperature.!*!* However, in con-
trast to the interstitial impurities, the substitutional
Ti impurity does shift the energy levels down signi-
ficantly from those observed in'® pure Nb by ap-
proximately 2+1.5 and 10%3 meV for the lower and
upper levels, respectively. This result could be ex-
plained by a general weakening of the near-neighbor
metal-hydrogen force constants as a result of elec-
tronic changes induced by the Ti defect. As shown
in Table I, the higher-energy peak is unusually broad
even at 10 K, suggesting that the H occupies a dis-
torted tetrahedral site which would lift the degenera-
cy of this level, e.g., one having a Ti nearest neigh-
bor. However, we cannot reproduce the spectra by
simply assuming an unperturbed Born-Mayer poten-
tial for the Nb-H interaction and an arbitrary Born-
Mayer potential for the Ti-H interaction. Nonethe-
less, the large energy shift and width of the high-
energy peak suggest that the H does occupy a near-
neighbor site of the Ti, a result to be contrasted to
that found for the interstitial impurities O and N,
where the hydrogen occupies a more distant site.!?
This contrast in behavior is likely associated with
the fact that the trapping by interstitial impurities is
almost certainly strain-related, while for Ti, the
trapping is likely electronic in origin. This follows
from the observation that the elastic deformations
caused by Ti in Nb are small,’ Aa/Ac
=—0.32X107* A/at. %, compared to those for N
or O (Aa/Ac~6.0x1073 and 4.1X107° A/at. %
respectively?®), and thus the elastic interaction ener-
gies between Ti and H in Nb will be small. Given
this, it is somewhat surprising that a trap deep
enough to prevent hydride-phase precipitation leads
to a reduced force constant, even allowing for the
fact that the trap energy is related to the depth of
the well while the force constant is related to its cur-
vature.

The detailed analysis of the neutron line shapes
for NbCrg gooHp 099 shows that Cr also provides a
trapping site for H in Nb. We have extracted a
value for both the binding energy of the trap and the
shift of the lowest energy level in the trapped state.
However, the multiplicity n of the traps was poorly
defined and was set equal to one in the final fits
with only minor effects on the values of the other
parameters. The derived value for the binding ener-
gy of the trap is 105 meV, which is smaller than the
enthalpy of formation of the hydride phase (120
meV). Thus at low temperatures the hydride phase
precipitates out as shown by the spectrum obtained
at 80 K (Fig. 1), which is very similar to that ob-
tained for pure Nb-H in the ordered hydride phase.
Although the shallow trap such as Cr in Nb does
not prevent precipitation, it does seem to shift the
solubility limit to lower temperatures compared to
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that in pure Nb, in this case by approximately 20 K.
Our model gives this result directly and is also the
most probable explanation of a similar shift ob-
served in NbVO.()OgH0.0(ﬁ. 12

In contrast to the case of Ti discussed above, Cr
causes a large distortion of the Nb lattice Aa/Ac
=—5.69x1073 l'ck/at.%,19 an amount similar to
that caused by interstitial N or O traps. For the
case of interstitial N and O traps, no shift of energy
levels was observed, leading to the suggestion'? that
the hydrogen was trapped in a fourth-neighbor site
of the impurity. At this distance, no effect of elec-
tronic changes in force constants would be expected,
and thus we conclude that trapping is essentially due
to the elastic interactions. Given this, it is some-
what surprising that Cr, with similar elastic distor-
tions, does not give rise to a similar deep trap.
However, systematic muon diffusion and trapping
studies of Al doped with various substitutional im-
purities have shown that apparently no relation ex-
ists between trapping properties and long-range de-
formations,?! e.g., it was found that impurities like
Ag (Aa /Ac ~0) and Mn (Aa /Ac =1.5X 1073) have
essentially the same trapping characteristics.

Finally, we note that the position of the lowest-
energy level in the trapped state for NbCr is shifted
up by 15 meV relative to the pure metal or 14%.
this is the largest effect on the vibrational spectrum
observed for any trap. This result may be explained
by the large elastic strains caused by Cr in Nb lead-
ing to a distorted environment near the Cr trap. Ac-
cording to recent calculations,? the Nb-H interac-
tion is dominated by strong short-range repulsive
forces, so that a reduction of the average Nb-H
spacing would lead to a large increase in effective
force constant.

V. CONCLUSION

These results demonstrate that inelastic neutron
scattering is a powerful method to investigate the
atomic scale mechanism and thermodynamics of the
H trapping process in metals containing impurities,
even for such an intricate case as NbCrH where both
trapping and hydride-phase precipitation occur.

We have found (i) Ti in Nb provides a strong trap
for protons; (ii) in the trapped state the H site is ap-
proximately tetrahedral; (iii) the vibrational frequen-
cies are shifted downwards compared to the a phase
and the degenerate upper peak is broadened consid-
erably; (iv) in contrast to Ti, Cr provides only shal-
low traps which do not inhibit hydride-phase precip-
itation; (v) the binding energy of the Cr traps is
105+10 meV; (vi) the local mode-vibration frequen-
cy of the lower fundamental is increased by 14% at
the trapping site, the largest impurity effect on the
local modes so far observed.
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