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Three powder samples of solid isotopic solutions PdD1−xHx with x=0.050, 0.072, and 0.091 are prepared
under high pressure, and the spectra of their optical vibrations are studied by inelastic neutron scattering at
ambient pressure and 5 K using the high-luminosity IN1-BeF spectrometer at ILL, Grenoble. These spectra are
shown to be well represented by a linear combination of a contribution from the undisturbed matrix of
stoichiometric PdD and a contribution due to the H impurity. The optical spectrum of PdD consists of a strong
peak at 37 meV with a shoulder extending to 65 meV. The spectrum due to the H impurity is composed of a
broad peak of defect H modes centered at 68 meV and superimposed on a broad N-shaped feature with a range
of negative intensity near 36 meV and a shallow maximum at 45 meV. Simulations using the Born-von Kármán
model show that this unusual feature is a result of the formation of a band of optical vibrations of the D and
H atoms with equal frequencies �covibrations� caused by H-D interactions.
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I. INTRODUCTION

Due to the very large incoherent neutron-scattering cross
section, hydrogen atoms substituting for deuterium atoms in
deuterides provide a good model system for studying the
dynamics of light-atom defects using inelastic neutron scat-
tering �INS�. Hydrogen defect modes were earlier observed
and studied by INS in a few metal deuterides, e.g., YD0.18,

1

YD2,2 CeD2,3 LaD2.5,
4 and AlD3.5 In each case, the defect

underwent a localized vibration producing one or more �de-
pending on the H-site symmetry� sharp peaks detached from
the host phonon band. An INS investigation of a solid solu-
tion of 3.7 at. % H in PdD0.6 also demonstrated the occur-
rence of a local-mode peak shifted beyond the band of opti-
cal vibrations of the D atoms.6 The peak was significantly
broadened, but rather symmetric and positioned exactly at
the energy EH=71 meV predicted by the simple theory for
the local vibrations of an isotropic light-atom mass defect.7

No other features of lattice vibrations in H-doped deu-
terides could be derived from experiment so far. In the case
of the H solution in PdD0.6,

6 the main obstacle was the
broadening of the INS spectra due to the nonstoichiometric
composition of the deuteride, which contained 40% vacan-
cies in the D sublattice.

Homogeneous samples of nearly stoichiometric PdD and
PdH can only be prepared at high pressures. The present
work reports on an INS study of three PdD1−xHx powder
samples with x=0.050, 0.072, and 0.091 synthesized in a
deuterium-hydrogen atmosphere at P=5 GPa and T
=600 K. The samples were prepared at ISSP RAS and stud-
ied by INS with the statistical accuracy a few times better
than in earlier experiments6 using the high-luminosity IN1-
BeF neutron spectrometer at ILL. Together with the elimina-
tion of vacancies in the H/D sublattice and the higher H/D
ratio of the samples, the better statistical accuracy of the INS

experiment made it easier to investigate the changes induced
by a light impurity inside the host phonon band.

II. SAMPLES PREPARATION AND EXPERIMENTAL
DETAILS

The three PdD1−xHx samples weighing about 2 g each
were collected in batches about 0.5 g each prepared from
powder of 99.98 wt. % pure Pd metal exposed to an atmo-
sphere of gaseous deuterium/hydrogen mixtures at P
=5 GPa and T=600 K for 24 h. The gas mixtures were
produced by thermal decomposition of mixtures of alumi-
num deuteride and hydride in the necessary proportions and
used as internal D2 and H2 sources in the high-pressure cell
�the hydrogenation method is described in more detail
elsewhere8�. After the hydrogenation was completed, the
batch was cooled to −140 °C to prevent its decomposition
while releasing the pressure. When not in use, the samples
thus prepared were stored in liquid nitrogen.

To ensure the homogeneity of the samples, a portion of a
few milligrams of every batch was analyzed for D+H con-
tent by hot extraction into a pre-evacuated volume. With a
heating rate of 20 K/min, the gas evolution began at approxi-
mately 160 K and ceased at about 500 K. The total �D
+H� /Pd atomic ratio of all batches was within the range of
1.00�0.03. Every batch was also examined by x-ray diffrac-
tion �T=100 K, Cu K� radiation� and shown to be a single-
phase PdD1−xHx isotopic solution with the fcc metal lattice
and the lattice parameter a=4.087�4� Å close to a
=4.084 Å for stoichiometric PdD.9

The atomic ratios of x=H / �D+H� of the three PdD1−xHx
samples were determined by mass spectrometry of the gas
produced by the complete thermal decomposition of a por-
tion of each sample. The measurements were carried out with
a high-resolution spectrometer designed for the isotopic
analysis of hydrogen-helium mixtures. The obtained x
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=0.050�2�, 0.072�2�, and 0.091�2� proved to be significantly
higher than the values of xgas=0.03, 0.05, and 0.07, respec-
tively, for the gaseous deuterium/hydrogen mixtures used in
the high-pressure synthesis of the samples. This agrees with
the equilibrium separation factor �H /D�Pd / �H /D�gas�1 for
palladium in a deuterium/hydrogen atmosphere �see e.g.,
Ref. 10 for discussion and references�.

The INS spectra from the PdD1−xHx samples were mea-
sured at 5 K using the IN1-BeF spectrometer at ILL in
Grenoble. The energy of the incoming neutrons was selected
with a focusing Cu�220� single crystal. The inelastically scat-
tered neutrons were registered at a scattering angle of 90°.
The energy of the registered neutrons was fixed at an average
value of 3.5 meV using a cold beryllium filter. The neutron
energy transfer, E, was calculated by subtracting 3.5 meV
from the energy of the incoming neutrons. In the studied
range of 30–180 meV of energy transfers, the spectrometer
provided the resolution �E /E�5–8%. The background
spectrum from the cryostat and an empty flat sample holder
made of thin aluminum foil was measured separately and
then subtracted from the raw INS spectra of the PdD1−xHx
samples.

III. RESULTS AND DISCUSSION

Figure 1 shows the experimental INS spectra of the three
PdD1−xHx samples normalized to the mass of the sample and
to the neutron flux. In the range of optical vibrations at E
�30 meV, the contribution from neutron scattering from
palladium atoms is vanishingly small due to the mass depen-
dence of polarization eigenvectors of the corresponding vi-
brational modes, and the spectra nearly entirely originate
from scattering from the deuterium and hydrogen atoms.

We could not produce a sample of isotopically pure PdD
because the aluminum deuteride used in the high-pressure
synthesis was contaminated with protium and had x
=0.029�2�. Nevertheless, from any pair of the INS spectra
S�Q ,E� presented in Fig. 1, one can obtain the SPdD spectrum
of the undisturbed PdD matrix and the SH spectrum due to
the H impurity in the deuteride, if the total scattering inten-
sity for each sample is written in the form

S = xSH + �1 − x�SPdD. �1�

The SPdD and SH spectra being the same for all samples, Eq.
�1� suggests that the SH spectrum should result from neutron
scattering on the H atoms and also from changes in the scat-
tering from the D atoms caused by their interactions with
differently vibrating H atoms.

Equation �1� should be valid for small x. As seen from
Fig. 2, the SPdD and SH spectra calculated using different S
pairs coincide within the experimental error. This verifies the
validity of Eq. �1� at concentrations up to h=0.091. We will
further analyze the SPdD and SH spectra derived from S�Q ,E�
of the PdD1−xHx samples with the most different x=0.050
and 0.091 because of their better statistical accuracy.

A. Spectrum SPdD of stoichiometric PdD

As seen from Fig. 3, the SPdD spectrum is very similar to
the experimental spectrum S�Q ,E� of stoichiometric PdH,11
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FIG. 1. �Color online� The dynamical structure factor S�Q ,E� of
three powder PdD1−xHx samples as a function of the energy loss E
of the inelastically scattered neutrons. Q is the neutron momentum
transfer and its dependence on E is a characteristic of the spectrom-
eter used. The horizontal bars at the bottom of the figure show the
energy resolution. The spurious intensity at energies below 30 meV
results from one- and two-phonon scattering of admixed neutrons of
half the wavelength in the incoming monochromated beam.
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FIG. 2. �Color online� Two INS spectra SPdD for the defect-free
PdD �top� and two spectra SH due to the H impurity in PdD �bot-
tom� extracted from two different pairs of experimental PdD1−xHx

spectra.

ANTONOV et al. PHYSICAL REVIEW B 80, 134302 �2009�

134302-2



if the latter is compressed by a factor of 1.51 along the en-
ergy scale. The harmonic isotopic behavior would suggest an
inverse proportionality of the vibrational energy E to the
square root of the mass m of the vibrating atoms. The devia-
tion of the scaling factor EH /ED=1.51 from the harmonic
value �mD /mH��2�1.41 indicates that the force constants
for H in PdH are slightly larger than those for D in PdD and
well agrees with the earlier estimate12 of EH /ED=1.49�2� for
optical vibrations in PdH0.63 and PdD0.63.

The first fundamental band of optical D vibrations in PdD
consists of a strong peak centered at 37 meV with a shoulder
toward higher energies extending up to about 65 meV. The
second optical H band resulting from multiphonon neutron
scattering has a smoother intensity distribution and appears
at energies approximately twice the energy of the fundamen-
tal band. The third and higher optical bands merge into a
rather featureless intensity distribution.

The intensity at energies below 30 meV in the INS spec-
trum of PdD in Fig. 3 is spurious. It mostly results from one-
and two-phonon scattering of neutrons of half the wave-
length admixed with the monochromated incoming beam at
the IN1-BeF spectrometer. An INS spectrum of PdD with an
improved low-energy part is shown in Fig. 4�a�. The inten-
sity distribution at E�30 meV in this spectrum was con-
structed using the INS spectrum of PdH measured in Ref. 11
and shown in Fig. 4�b� for comparison. We exploited the fact
that the phonon density of states �PDOS� of acoustic vibra-
tions that are only observed in this energy range should be
nearly the same for PdH and PdD. This is because the scaling
factor EH /ED for acoustic vibrations is equal to
��mPd+mD� / �mPd+mH� in the harmonic approximation and
its value is very close to unity due to the large mass mPd

=106.4 a.u. of the Pd atom. Therefore, we took the acoustic
part of the experimental S�Q ,E� spectrum of PdH from Ref.
11 and only rescaled it to have the correct intensity relative
to the optical part of the spectrum of PdD. The relative in-
tensity of the acoustic and optical parts of the S�Q ,E� spec-
trum of PdD was estimated using the Born-von Kármán
model discussed in more detail later in this paper.

With the low-energy part of the vibrational spectrum of
PdD estimated in this manner, the contribution from mul-
tiphonon neutron scattering was calculated in a harmonic
isotropic approximation using the iterative technique of Ref.
13. As seen from Fig. 4�a�, the calculated multiphonon con-
tribution �thick solid curve� is negligibly small in the range
of 30–65 meV of the first optical band and semiquantita-
tively describes the intensity distribution in the second and
higher bands. The remaining discrepancy between the calcu-
lated and experimental spectra of the second and higher op-
tical bands in PdD suggests a certain anharmonicity of D
vibrations in these bands. To characterize this anharmonicity
numerically, note that the peak in the second band is posi-
tioned at 72 meV, which is lower by 2 meV than the doubled
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FIG. 3. �Color online� The SPdD spectrum for PdD extracted
from a pair of experimental S�Q ,E� spectra of the PdD1−xHx

samples with x=0.050 and 0.091 �open circles connected with a
thick line� and the experimental S�Q ,E� spectrum of PdH �Ref. 11�
compressed by a factor of 1.51 along the energy scale �thin solid
line without circles�. The scaling factor 1.51 was chosen to repro-
duce the energy position of 37 meV of the maximum of the main
optical peak in the spectrum of PdD. The INS spectrum of PdH was
measured in Ref. 11 at 25 K using the TFXA spectrometer at ISIS,
U.K., and had a better energy resolution of �E /E�1.5% and a
lower statistical accuracy than the SPdD spectrum.
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FIG. 4. �Color online� The open circles connected with a dashed
line represent the dynamical structure factor S�Q ,E� of �a� PdD and
�b� PdH �Ref. 11�. The spectrum of PdD is a combination of the
optical part �E�30 meV� determined from the INS measurements
of this work and the acoustic part �E�30 meV� produced by res-
caling the experimental spectrum of PdH �see text�. The vertical
bars indicate the peak positions in the first and second optical
bands. The solid curves in �a� and �b� show multiphonon contribu-
tions calculated in a harmonic isotropic approximation.
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energy of 37 meV of the peak in the first band.
All said about the S�Q ,E� spectrum of PdD shown in Fig.

4�a� is applicable to the spectrum of PdH in Fig. 4�b�. The
calculated multiphonon contribution to the H vibrations in
the first optical band of PdH is very small; the H vibrations
in the second and farther optical bands are noticeably anhar-
monic; the peak in the second band is observed at 110 meV,
which is 2 meV lower than twice the energy of 56 meV of
the peak in the first band.

B. Spectrum SH due to the H impurity in PdD

Based on theoretical and experimental results in the litera-
ture �see Ref. 6� one could expect that the H impurity in PdD
should manifest itself by a peak of defect mode detached
from the optical phonon band of the host PdD matrix and
located at energies around 70 meV. As seen from Fig. 2, a
strong and broad peak centered at about 68 meV is actually
observed in the SH spectrum of the studied PdD1−xHx
samples. In other aspects, the spectrum proved to be much
more complex than expected. First, the 68 meV peak had an
intensive shoulder toward lower energies with a clear maxi-
mum at about 45 meV. Second, the spectrum showed nega-
tive scattering intensity at energies in the vicinity of 36 meV.
Both features were stable in the appearance and did not no-
ticeably change their shapes, positions, and intensities if cal-
culated with the H concentration in each PdD1−xHx sample
varying within the experimental error of �x= �0.002.

To ascertain the origin of such an unusual profile of SH,
we have calculated the lattice dynamics for Pd4D3H,
Pd8D7H, Pd16D15H, Pd32D31H, and PdD crystals �x=0.25,
0.125,0.0625, 0.03125, and 0, respectively� using the Born-
von Kármán model. The Pd-Pd, Pd-D, and D-D force con-
stants were taken from Ref. 14 that presented this data as
results of a coherent neutron-scattering study15 of the
phonon-dispersion relations in a single crystal of PdD0.63.
The constants for H atoms were set equal to those for D
atoms.

In our calculations, we used a primitive unit cell for the
NaCl-type structure of the PdD crystal. In the case of the
PdNDN−1H crystals, the unit cell was cubic or tetragonal and
contained one H atom, N atoms of Pd, and N−1 atoms of D.
Eigenvalues E2�j ,q�� and eigenvectors e�i�j ,q�� for every atom
i in the unit cell and every phonon mode j were calculated
for sampling points q� uniformly distributed over the irreduc-
ible part of the Brillouin zone �BZ� and further used to obtain
phonon densities of states according to

g�j,E� = �
q��BZ

��E − E�j,q���dq� =� �
E�j,q��=E

d2q�

��q�E�j,q���
,

�2�

where q� was varied over the BZ. �Hereafter, the eigenvectors
are normalized so that ∀j ,q� :	imi�e�i�j ,q���2=1, where mi is
the mass of atom i�. To integrate in Eq. �2�, we interpolated
E2�j ,q�� linearly within tetrahedrons with vertices at the near-
est sampling points chosen so as to completely fill the BZ.
The total number of the sampling points varied from 32,000
for PdD to 1,000–2,000 for the PdD1−xHx structures.

To illustrate the applicability of the Born-von Kármán
model with the set of force constants proposed in Refs. 14
and 15, the total phonon density of states of PdD calculated
as g�E�=	 jg�j ,E� is shown in Fig. 5. The g�E� spectrum
thus obtained coincides with that calculated in Ref. 15 and its
optical part semiquantitatively reproduces the intensity dis-
tribution in the experimental S�Q ,E� spectrum of PdD. The
latter suggests that the model should be capable of describing
the principal features of the effect of H impurity on this
spectrum, too.

The calculated g�E� spectra of the PdD1−xHx solutions,
however, could not be directly compared with the experi-
mental S�Q ,E� spectra because of the significantly different
cross sections for neutron scattering by H and D atoms.

To calculate the S�Q ,E� spectra from the g�E� spectra we
did the following. First, a partial generalized phonon density
of states, Gi�E�=	 jGi�j ,E�, was computed for each atom in
the unit cell using Gi�j ,E�’s calculated as

Gi�j,E� = �
q��BZ

�e�i�j,E��2��E − E�j,q���dq�

=� �
E�j,q��=E

�e�i�j,E��2d2q�

��q�E�j,q���
,

and normalized so that 
Gi�E�dE=1. Second, the computed
Gi�E�’s were used to calculate the dynamical structure factor
S�Q ,E� at 0 K according to

S�Q,E� = 	
i

Si�Q,E� =
Q2

E
	

i

�i

mi
exp�− 2Wi�Q��Gi�E� ,

�3�

where �i is the total �incoherent and coherent� neutron-
scattering cross section for atom i in the unit cell and
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FIG. 5. �Color online� The PDOS g�E� of PdD calculated using
32,000 sampling points in the irreducible part of the BZ �solid
curve� and the one-phonon spectrum S1ph�Q ,E� produced by sub-
tracting the multiphonon spectrum from the S�Q ,E� spectrum of
PdD in Fig. 4�a� �dashed curve�.
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Wi�Q� =
	2Q2

4mi
�

0

E max Gi�E�dE

E

is the Debye-Waller factor for atom i.
Finally, using the S�Q ,E� spectra calculated for PdD and

for each of the four model PdD1−xHx solutions, the contribu-
tions SH due to the H impurity in PdD were calculated via
Eq. �1�. The resulting SH spectra convoluted with the reso-
lution function of the IN1-BeF spectrometer approximated
by a Gaussian with FWHM=0.05E are shown in Fig. 6.

As seen from Fig. 6, the calculated SH spectra are in quali-
tative agreement with experiment. The calculations repro-
duce the occurrence of a broad asymmetric peak at energies

around 70 meV. The peak has a shoulder toward lower ener-
gies and the intensity distribution definitely shows a maxi-
mum at energies near 45 meV. The calculations also repro-
duce the presence of negative scattering intensity in the
experimental SH spectrum at energies in the vicinity of 36
meV.

It was clear enough that neutron scattering from the H
atoms alone could not produce negative intensity in the SH
spectrum because the scattering intensities from all atoms
were additive. In fact, together with the contribution from the
H atoms, SH should also contain a contribution due to the
changes in the neutron scattering from the D atoms resulting
from the changes in their vibrational spectrum caused by
interactions with the H atoms. Figure 7 shows these two
contributions calculated for the Pd16D15H crystal.

Figure 7 illustrates the principal features that are charac-
teristic of the calculated spectra of all four model PdD1−xHx
solutions. The peak at about 70 meV is nearly entirely pro-
duced by the H vibrations. As seen from Fig. 6, this peak
gets narrower with decreasing H concentration. It splits from
the optical D band at x=1 /32 and should transform to the
threefold degenerate local mode when the H concentration
tends to zero.

The intensity distribution in Fig. 7�a� in the interval
50–60 meV with a shallow maximum at 55 meV is due to
the H-H interactions and represents the incipient optical band
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FIG. 6. �Color online� Contributions SH�Q ,E� to the total dy-
namical structure factor of the solid PdD1−xHx solutions due to the
presence of H impurity. The dashed curves represent the experimen-
tal SH from Fig. 2. The solid curves are results of the model
calculations.
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FIG. 7. �Color online� The dashed curve shows the SH�Q ,E�
spectrum calculated for the Pd16D15H crystal �x=0.0625�. The solid
curves represent the contributions to this spectrum from neutron
scattering on the H atoms �a� and due to changes in the vibrational
spectrum of the D atoms �b�.
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of palladium hydride. As one can see from Fig. 6, the inten-
sity of this band decreases with decreasing hydrogen concen-
tration.

The broad peak at 45 meV originates from covibrations of
the H and D atoms caused by H-D interactions. The peak is
formed by neutron scattering from both the hydrogen �Fig.
7�a�� and deuterium �Fig. 7�b�� atoms, the contribution from
the H atoms being larger due to the larger neutron-scattering
cross section �H and smaller mass mH �see Eq. �3��.

The negative scattering intensity at energies near 36
meV—in the range of the main D optical peak—is also
caused by the H-D interactions. This is a result of the reduc-
tion in the density of states of D vibrations �Fig. 7�b�� due to
the increase in the energy of vibrations of those D atoms that
were located near the atoms of H impurity and were partly
involved in their high-frequency motions.

Discussing the experimental SH spectrum of the PdD1−xHx
samples, it is more illustrative to superimpose it on the ex-
perimental one-phonon spectra S1ph�Q ,E� of PdD and PdH
as shown in Fig. 8.

In view of the results of the computer modeling, the broad
peak in the experimental SH with the maximum at an energy
of about 68 meV is mostly formed by modes of H vibrations
located above the upper cutoff of the optical band in PdD

�Fig. 8�a��. The low-energy shoulder of this peak in the range
of 50–60 meV is partly formed by H vibrations resulting
from H-H interactions and resembling optical vibrations in
PdH that have the maximum density of states at 56 meV
�Fig. 8�b��.

The N-shaped dependence of SH in the interval 30–50
meV with the minimum at 36 meV and maximum at 45 meV
is caused by interactions between the neighboring D and H
atoms. The H-D interactions lead to the formation of a new
band of optical covibrations of D and H atoms with energies
near 45 meV, right above the main peak at 37 meV in the
density of vibrational states of PdD. The vibrational states of
D atoms in the new band are mostly borrowed from this very
peak and the resulting deficit in its intensity manifests itself
by the negative values of SH with the minimum at 36 meV.
As the strength of the H-D interactions does not virtually
depend on the H concentration if the concentration is small,
the N-shaped feature cannot vanish with decreasing hydro-
gen content and, as the computer simulations show, this fea-
ture even gets sharper �Fig. 7�.

The position EH of the H peak located above the D optical
band can accurately be obtained in the framework of a
simple theory7 for the local vibrations of isotropic light-atom
mass defect in a NaCl-type crystal structure

�
0


 G�E�dE

EH
2 − E2 =

1

�EH
2 , �4�

where G�E� is the generalized density of vibrational states of
D atoms in the host PdD crystal normalized so that

G�E�dE=1 and �= �mD−mH� /mD�1 /2. The G�E� spec-
trum can be calculated as

G�E� =
E

Q2S1ph�Q,E�exp�2WD�Q�� ,

using the experimental S1ph�Q ,E� of PdD shown in Fig. 5
and the Debye-Waller factor WD�Q� determined while calcu-
lating the multiphonon contribution to the SPdD spectrum.
Substituting this G�E� in Eq. �4� gives EH=68.5 meV in
good agreement with the experimental EH�68 meV.

With the G�E� spectrum of PdD calculated in the Born-
von Kármán model, the solution of Eq. �4� is EH
=66.5 meV, which actually coincides with the position EH
=66.3 meV of the detached H peak in the S�Q ,E� spectrum
of Pd32D31H calculated in the same model �solid curve at the
bottom of Fig. 6�.

The simple theory, therefore, well predicts the frequency
of the local H mode detached from the optical band of the
host phase of PdD. Our INS investigation of the PdD1−xHx
system showed that a light H impurity can also produce
changes in the intensity distribution inside the host phonon
band of deuterides that are not small, having the same order
of magnitude as the integral intensity of the peak of local H
vibrations. The computer simulations demonstrated that
these changes stem from the H-D interactions.

IV. CONCLUSIONS

Due to experimental limitations, previous studies on the
effect of a light impurity on the vibrational spectrum of the
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FIG. 8. �Color online� The solid line shows the SH spectrum
calculated by applying Eq. �1� to a pair of experimental S�Q ,E�
spectra of the PdD1−xHx samples with x=0.050 and 0.091. The
circles connected with a dashed line show the one-phonon spectra
S1ph�Q ,E� of �a� PdD and �b� PdH produced by subtracting the
multiphonon contributions from the corresponding S�Q ,E� spectra
in Fig. 4.
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host phase were mainly aimed at determining the frequency
of the defect modes arising outside the vibrational band of
the host atoms. Along with a peak of such modes, our INS
investigation of solid hydrogen solutions in stoichiometric
palladium deuteride revealed profound changes inside the
optical D band due to covibrations of heavy D atoms and
light H atoms. These covibrations form a band located above
the main peak in the optical band of PdD. The vibrational
states of D atoms in this new band are mostly borrowed from
the main peak that considerably decreases its intensity. The
integral intensity of the new band is comparable with that of
the peak of defect H modes.

The observed changes inside the optical D band are
caused by interactions of H atoms with the neighboring D
atoms, so the strength of this interaction is nearly indepen-

dent of the H concentration, when the concentration is low.
Therefore, even in infinitely diluted H solutions in PdD, the
magnitude of changes induced by the H impurity inside the
optical D band should remain comparable with the intensity
of the defect, local modes of H vibrations. We think that
strong changes inside the vibrational band of the host phase
due to a light impurity should be intrinsic to many systems.
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