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Effective and Debye temperatures of Ti in TiC, TiOz, and TiHq
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The relative intensities of resonantly scattered gamma rays by Ti, at room and liquid-nitrogen
temperatures, were measured in TiC, Ti02, and TiH2 with use of the nuclear-resonance photon-
scattering technique. The results enable determination of the effective temperature T, and the De-
bye temperature OD of Ti in the various compounds with assumption of the Debye model. A signi-
ficant increase in T, and OD of the Ti atoms was observed in TiC and Ti02, while no detectable
change in T, and OD was observed in pure Ti upon hydrogenation. The present results are dis-
cussed and compared with data obtained by other techniques.

I. INTRGDUCTIQN

The first application of nuclear-resonance photon
scattering (NRPS) for the study of Debye temperatures of
pure metallic solids, Ni and Pb, was carried out several
years ago. ' The same technique was later applied to the
study of the effective temperature of nitrogen occurring in
various chemical forms such as LiNO3, BN, and NH4C1.
A theoretical treatment accounting for the binding forces
acting on the N atom was developed, thus predicting
correct values of T, . ' More recently, the same experi-
mental method was used for studying OD in metal hy-
drides. An empirical correlation between the relative
change of OD upon hydrogenation and the hydride heat of
formation has been consequently derived. ' A careful ex-
amination of the data utilized in deriving the above
empirical rule received some ambiguity in the interpreta-
tion of the experimental results by various authors. The
ambiguity occurred because some authors have ignored
while others have included the H atoms in deriving OD
from low-temperature heat-capacity and elastic measure-
ments.

It may be noted that in a diatomic metal-hydrogen
linear lattice with nearest-neighbor interactions only, the
metal atoms contribute to the lower-energy acoustic pho-
nons while the H atoms contribute to the higher-energy
optical phonons. At low temperatures only the acoustic
modes are excited and, probably due to this, some authors
have taken into account the metal atoms only in deriving
OD. Of course, the actual situation in metallic hydrides is
much more complicated and examples were reported, e.g.,
LaNi5H6, NbH„, and TaD„, where the H excitations were
within the host lattice modes and far below the local H vi-
brational energies. It should be emphasized that the
present technique is unique in two respects. First, it mon-
itors the bonding strength of a single element (through

both OD and the effective temperature, T„defined below)
in any chemical compound. Second, it is sensitive to the
zero-point vibrational energies of the atomic oscillators
occurring in the compound. This means that the high-
energy vibrational modes will have an important contribu-
tion at all temperatures. From the above it also follows
that the value of OD obtained will be usually equivalent to
the high-temperature limit of OD obtained by other
methods. Some difficulties may arise in defining OD of a
single element in a chemical compound and the subse-
quent derivation of T, from the present experimental
data: only relative measurements at different tempera-
tures were made and the assumption of the Debye model,
necessary for deriving OD and T„should be justified.
This justification is especially required here, where mix-
tures of light and heavy atoms are considered.

In the present work, we were primarily interested in the
study of OD of Ti in TiH& 85. The study of TiC and TiOz
was motivated by the need of selecting a Ti compound
which is expected to yield a value of OD distinctly dif-
ferent from that of the pure metal. In addition, some am-
biguity concerning the interpretation of OD was reported
in the literature concerning some interstitial compounds
which include TiC. ' Some of the results presented here
have been mentioned in a previous publication. "

II. EXPERIMENTAL METHOD

Experimentally, we used a photon beam generated from
the V(n, ) ) reaction using thermal neutrons from the Isra-
el Research Reactor (IRR-2). The source was in the form
of six separated vanadium discs, placed along a tangential
beam tube and near the reactor core yielding typical inten-
sities of —10 photons/cm s per strong y line at the
scatterer. This photon source contained several discrete y
lines, Doppler broadened by the thermal motion of the V
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atoms. The temperature of the vanadium discs during
reactor operation was 600 K. More details on the experi-
mental system may be found elsewhere. ' In the present
measurements, we utilized the accidental overlap between
one of the incident y lines at 6605 keV with a nuclear lev-
el in the Ti isotope. ' This overlap gives rise to a reso-
nance scattering signal whose cross section o., is propor-
tional to the overlap integral of the two Doppler-
broadened shapes of the incident y line and the resonance
level. It was shown that under certain conditions the
value of cr„ in the V-" Ti scattering process, is strongly
dependent on temperature variations of the scatterer and
also on its Debye temperature OD. Thus, by comparing
the value of o., from Ti in various chemical forms at
two temperatures, T=295 K and T=78 K, it was possi-
ble to obtain the value of OD of Ti in TiH&», Ti02, and
TiC.

The hydrogenation of Ti was performed in a vacuum
glass system utilizing pressures of up to 1 atm. The actu-
al composition obtained was TiH& g5+o &o. All the samples
were in powder form, each containing -40 g of Ti, and
were sealed in disc-shaped glass containers.

The scattered photons from the targets were detected in
a 5 in. )&5 in. NaI detector placed at 135 with respect to
the photon beam, and the spectrum was analyzed with a
multichannel analyzer. In order to obtain a precise deter-
mination of the ratios of the scattered intensities, short,
30-min runs were carried out in which the scattered sig-
nals from TiC, TiH2, and TiOz were compared with that
from pure Ti kept at the same temperature. The results
were then normalized to that from Ti whose temperature
effect was determined in a separate run. This measure-
ment was repeated several times by using an automatic
system which moved the two targets back and forth in
and out of the beam, and the two spectra were accumulat-
ed in two different memories of the analyzer. In this
fashion it was possible to average over long-term drifts of
the photomultiplier, the electronic system, the neutron
flux of the reactor and possible temperature changes of
the vanadium source. Two sets of measurements were
carried out, at room temperature and at liquid-nitrogen
temperature.

III. THEORETICAL REMARKS

The temperature ratio R is defined as

C(78 K, 135')
C(296 K, 135')

where C(T, O) is the scattered intensity at an angle 9 (be-
tween the scattered and incident directions) at temperature
T of the scatterer; C(T, H) depends on the nuclear level
parameters I o, I, 5, and T, ;, where I o is the ground-
state radiative width, I is the total width, 6 is the energy
separation between the energies of the incident y line and
the nuclear level of the scatterer, respectively. T, ; is the
effective temperature of the scattering atom i (Ti in our
case); it can be related to T and to the average energy e; of
the ith atom in a lattice as

8OO- Ti (y, y')
6605 keV

700—

600—

500-

o.so P.84 0.88
R = C(78 K)/C(2g5 K)

FIG. 1. Debye temperature OD versus the calculated cross-
sections ratio R for Ti [see Eqs. (1)—(3)].

k~T, ;—=e;=

Qo 1f S;(v)g (v)h v

f g(v)dv

1+ dv
2

(2)

where S;(v) is the fraction of the kinetic energy shared by
the ith atom at frequency v in a molecule such as TiC; N;
is the number of atoms i in a formula unit with N atoms,
g(v) is the frequency distribution, and k~ is the
Boltzmann constant. In case the Debye approximation
holds for the ith atom, T, ; may be written as

1 1+ dxe"—1
(3)

IV. RESULTS AND DISCUSSION

A typical scattered photon spectrum from a Ti target as
measured by a Ge(Li) detector is given in Fig. 2. It
shows, apart from the elastic y line at 6605 keV, one in-
elastic line which corresponds to the transition to the first
excited state in Ti. The integrated intensity of this spec-
trum in the range E =5—6.6 MeV was measured with the

Equation (3) is the usual Debye approximation for pure
elements' and it is utilized to obtain the Debye tempera-
ture OD of Ti in the various compounds. OD may be re-
lated to the maximum frequency v; of the i atoms by
OD ——hv;/kz. This expression can be used for calculat-
ing T, ; and hence the value of R for a given value of OD.
The nuclear level parameters necessary for this calculation
were reported' to be

I 0
——0.64 eV, I =0.86 eV, 6= 15.3 eV .

Figure 1 represents the calculated values of R versus OD
for Ti. The experimental values of OD for Ti in the vari-
ous compounds were deduced from the measured values
of R and the use of Fig. 1.
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TABLE I. Measured temperature effect R, deduced values of the effective temperature T, T; and the Debye temperature OD in

various compounds. For comparison, respective quantities obtained by other experimental techniques are also shown. The absolute
errors are given in parentheses.

Compound

T, T; (K)
Present work

295 K 78 K

T, T; (K)
inelastic
neutrons

295 K 78 K

OD (K)
Present

work

0" D (K)
Low temp.

Specific heat

Ti (metal)
TiH~ 85

Ti02 (rutile)
TiC

0.79 (1)
0.79 (1)
0.83 (2)
0.86 (2)

324 (4)
324 (4)
340 (15)
361 (12)

165 (10)
165 (10)
203 (31)
242 (22)

317

354

145b

228

420 (30)'
420 (30)
530 (90)
640 (60)

420 (Refs. 20)
321 (Ref. 26), 293, 268 (Ref. 27)
526 (Ref. 21)
614, 676 (Ref. 19)

'The value for OD of Ti from Ref. 20 is used as a "calibration" point for deducing the OD values for the other compounds. It is also
utilized to derive T, T; for pure titanium.
These values are calculated from Eq. (2) with S(v) = 1, N; =N, utilizing the Ti phonon frequency spectrum (Ref. 24).

Ti target at two temperatures, T=78 K and T=295 K.
The intensity ratios are given in Table I, together with the
values of T, T; and 8D extracted from Fig. 1 and Eq. (3).
The present results indicate that (1) a significant increase
in T, T; and OD was observed in TiOz and TiC in compar-
ison with pure metallic Ti, and (2) T, T; and 8D are prac-
tically unchanged upon hydrogenation of Ti to TiH& 85.
These results indicate that in TiOz and in TiC the Ti
atoms are more strongly bonded than in Ti metal. This
does not seem to be the case for TiH& 85. Although the in-
terpretation of the Ti bond strength in the various com-
pounds seems reasonable, the derived OD and T, T; values
should be significant only if the Debye approximation is
justified. This is the case if Sr;(v)g(v) from Eq. (2) is
shown to depend quadratically on the phonon frequency
v. A somewhat weaker but still valid condition may be
the requirement that the Ti atoms are predominantly asso-
ciated with the low-energy (acoustic) phonons while the
lighter partners are mainly related to the high-energy (op-
tical) phonons. Information of this kind is best provided
by experiments and analysis of inelastic neutron scatter-

ing. The most complete and relevant data we were able to
obtain, is for TiC. Figure 3(a) exhibits the phonon density
of states g(v) of TiC (Ref. 15) obtained by model analysis
of the phonon dispersion relations in TiC single crystals.
The clear separation between low- and high-energy pho-
nons implies a pertinence of the acoustic and optical vi-
brations to titanium and carbon, respectively. This
feature is characteristic also for other transition metal car-
bides and nitrides' ' of the NaC1-type structure for
which a single plane may contain a single type of ion.
Moreover, the Sr;(v) function [Fig. 3(b)], which does not
depend sensitively on the model parameters, definitely
demonstrates that the acoustic phonons belong mainly to
the titanium atoms. The Debye model may therefore be
considered a reliable approximation for Ti in TiC. Furth-
ermore, we used the g(v) and ST;(v) data in Fig. 3 to cal-
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FIG. 2. High-energy part of the y spectrum from a Ti target
at 0=140' as measured using a 40-cm Ge(Li) detector. The in-

cident y beam is obtained from the V(n, y ) reaction. The corre-
sponding decay scheme to the ground and first excited state in

Ti is also shown. P and I refer to photo- and first-escape
peaks; other energies refer to double-escape peaks.

FIG. 3. (a) Shell-model calculation of the phonon density of
states in TiC at room temperature (Ref. 15). (b) Shell model cal-
culation of the ST;(v) function in TiC [Pintschovius (private
communication). The curve was calculated from the 12-

parameter shell model described in Ref. 15].
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culate T, z; (295 K) for TiC, and obtained

T, ~,(295 K) = 354 K

in very good agreement with our experimental value of
361+12 K obtained from Eqs. (1) and (3) and Fig. 1. This
agreement shows that our results are entirely consistent
with neutron scattering measurements, as was also shown
for metallic Ni and Pb (Ref. 18).

Since the Ti atoms in TiC take part mainly in the
acoustic part of the vibrational spectrum (Fig. 3), it is of
interest to compare the Oz values from the present mea-
surement with those obtained from low-temperature heat
capacity or elastic measurements (Table I). It should be
stressed that the Debye temperatures cited hereafter from
other works are either originally derived or normalized ac-
cording to the convention that only Ti atoms contribute to
the low-temperature Oz values. As we mentioned before,
this is indeed the case for TiC. However, it is not clear
whether this assumption is valid for TiOz and TiHI &5.

The ez& values determined for TiC (On =614 and 676
K) (Ref. 19) by low-temperature Cz measurements are in

a good agreement with the value derived in the present
work (8& ——640+60 K). A Debye temperature about
10—15%%uo higher has been reported from elastic constant
measurements. ' A good agreement exists also in the case
of TiOz, for which Oz ——526 K has been reported from
low-temperature heat capacity measurements. ' This
value should be compared to the presently derived

On ——530+90 K and to Oz ——503 K, 494 K (Ref. 22) from
elastic constant measurements. The phonon density of
states in TiOz (Ref. 23) does not indicate any distinct
separation between acoustic and optical vibrations as is
observed in TiC. Unfortunately we do not have informa-
tion on the S~;(v) function of TiOz. Such information
might enable a more decisive conclusion about the validity
of the Debye approximation for Ti in TiOz.

The inelastic neutron scattering spectrum of polycrys-
talline TiH, ~z (Ref. 25) does indicate a separation between
acoustic and optical phonons. However, the relative
weight of the low-energy part of the spectrum is signifi-
cantly smaller from what might be expected if one third
of the atoms (the titanium atoms) contribute to it. Two
Oz values have been reported for TiH from low-

temperature heat-capacity experiments: Ducastelle
et al. have obtained On (TiH, 75) =321 K and

Bohmhammel et al. have reported On (TiHI 76)=293
K, Oz (TiHI »)=268.2 K. The latter two values have
been derived by using two Debye functions. Our result
(420+30 K) differs significantly from the above data.
This discrepancy may be accounted for by two possible
reasons: Firstly, the Debye model may not be a good ap-
proximation for Ti in TiHz. The second reason is associ-
ated with the existence of the Jahn-Teller (JT) effect in
TiH„e.g. , (Refs. 26 and 28). This effect is temperature
dependent and causes a fcc-fct distortion for x ) 1.7
below a transition temperature TJ+—310 K. A pro-
nounced temperature dependence of Oz may be induced
in the vicinity of the Jahn-Teller transition, while in using
Eqs. (1) and (3) we have assumed a constant On at 80 and
295 K. It has been also suggested that the Jahn-Teller ef-
fect causes the relatively low Oz values in TiH .

In summary we have derived the effective and the De-
bye temperatures of Ti in the interstitial compounds
TiHI 85, TiOz, and TiC. A comparison of our results with
those from other experimental techniques supports the ap-
plicability of the Debye model to Ti in TiC and probably
in TiOz. The present data imply that the Debye approxi-
mation is not valid for Ti in TiH&» although it exhibits
the largest mass ratio of its two components among the
three compounds studied in this work. Such an inference
cannot be regarded, however, as a definite one mainly be-
cause of the "complication" introduced into TiH„by the
Jahn-Teller-induced tetragonal distortion near room tem-
perature. An interesting hypothetical possibility might be
a significant Ti contribution to the optical-phonon region
in resemblance of the hydrogen contribution to the low
energy host phonons in some hydrides.

Finally, it should be mentioned that a model-
independent determination of the energy e; defined in Eq.
(2), from nuclear y resonant scattering experiments is pos-
sible' and may be of importance for shedding more light
on the bonding strength of various compounds. Our
present efforts are concentrated in this direction.
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