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The concentration dependence of extremal cross-sectional areas of the Fermi surface of
dilute PdH,. and PdD, alloys (0 <x <0.005) has been determined from de Haas—van Al-
phen measurements in fields up to 10.5 T. The data confirm the general features of the
proton model: States at the Fermi level are lowered in energy and the electrons added to
the metal by the dissolved hydrogen or deuterium are partially accommodated at the Fermi
surface of the host. The de Haas—van Alphen measurements show for the first time that
large isotope effects are present in the concentration dependence of some of the Fermi-
surface sheets. The sheets that show the largest isotope effect are those that contain mostly
states with a vanishing charge density at the hydrogen site. The experimental results are
discussed in terms of a proton screening potential exhibiting a Thomas-Fermi behavior at
short distance and Friedel-type oscillations at large distance.

I. INTRODUCTION

The critical temperature T, for the superconduct-
ing transition in PdH, and PdD, is known! to in-
crease rapidly with hydrogen or deuterium concen-
tration for x >0.8. In the stoichiometric alloys
T.(PdH)=9 K and T,(PdD)=11 K. Two mecha-
nisms have been proposed so far to explain the in-
verse isotope effect in T,. According to Miller and
Satterthwaite? the difference between the amplitude
of the zero-point motion of a proton and that of a
deuteron at the interstitial sites of palladium is re-
sponsible for a difference in the electronic structure
of PdH, and PdD,. These authors did not, how-
ever, evaluate quantitatively the effect of zero-point
motion on the electronic structure of these alloys.

Ganguly® and later Papaconstantopoulos et al.*
and Klein et al.’ take almost the opposite point of
view. They assume that the electronic structures of
PdH, and PdD, are the same but that the contribu-
tion of the optical phonons to the electron-phonon
enhancement parameter A depends on the zero-
point motion of H (or D) via the anharmonicity of
the H-Pd (or D-Pd) potential. Differences between
the force constants My and Mpod of H (or D)
in Pd have been observed in neutron scattering,® su-
perconductive tunneling,’” Raman scattering,® elec-
trical resistivity,”! and elastic moduli measure-
ments.'! As an average one finds
Myo}/Mpob~1.1. Even with the highest anhar-
monicity, Myo}/Mpo} ~1.2, deduced from a
comparison of  two different types of neutron
scattering data,® Papaconstantopoulos et al.* find
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an inverse isotope effect that is still roughly two
times smaller than the experimental value.'> This
indicates that anharmonicity of the proton-
palladium potential alone is not sufficient to explain
the differences in the T, of PdH, and PdD,.

In the last few years several models that combine
differences in both the force constant and the elec-
tronic structure have been proposed. Karakozov
and Maksimov'? conclude that the most important
mechanisms that influence A are the renormaliza-
tion of phonon frequencies and the Debye-Waller
factor in the electron-phonon matrix elements due
to the zero-point motion of the interstitial. The ef-
fect of hybridization between s- and d-electron
states on the superconductivity of PdH, and PdD,
is investigated by Morozov.!* Both the models of
Karakozov and Maksimov and of Morozov lead to
an increase of }»pde relative to Apgy . Quantitative

calculations using realistic band structures have,
however, not been carried out so far.

Measurements of T, or other physical quantities
such as the electronic specific heat, low-temperature
thermal expansion, electrical resistivity, or spin-
lattice relaxation are not detailed enough to identify
unambiguously the origin of the inverse isotope ef-
fect. Furthermore, the resolution of present avail-
able spectroscopic methods (photoemission, Raman
scattering, superconductive tunneling) is not high
enough to detect differences of the order ~1 mRy
in the electronic structure of PdH, and PdD,.

This provided us with the motivation to study the
Fermi surface of PdH, and PdD, by means of the
de Haas—van Alphen effect. Although this
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quantum-oscillations technique can only be used for
dilute hydrides and deuterides and will therefore
provide us with results that are not directly applica-
ble to the highly concentrated superconducting hy-
drides and deuterides, it has the great advantage of
being very sensitive to changes in the band structure
at the Fermi energy. In materials such as PdH,
and PdD,, where the Fermi surface consists of vari-
ous sheets, quantum-oscillatory measurements make
it also possible to investigate the influence of H (or
D) on electron states with a rather well-defined
symmetry character. As shall be shown the large
isotope effects found for electron states with a
strongly d character and the absence of such effects
for s electrons is an important result that indicates
that the electronic structure of PdH, and PdD, is
in fact influenced by the amplitude of the zero-
point motion of the proton or deuteron.

This paper is organized as follows. In Sec. IT we
describe the preparation of the samples and the ex-
perimental techniques used to detect the small
changes between the Fermi surface of PdH, and
that of PdD,. Experimental results for d InA4 /dx,
the relative change of an extremal cross sectional
area A of the Fermi surface with hydrogen or deu-
terium concentration x, are presented in Sec. III and
discussed in Sec. IV.

II. EXPERIMENT
A. Experimental methods

The changes of the Fermi surface of palladium
due to the absorption of hydrogen or deuterium are
measured by means of the de Haas—van Alphen
(dHvA) effect. Two different methods, (i) the
field-modulation technique and (ii) the torque
method, are used in this work. For both methods
the accuracy required to detect the small changes
induced by H or D in the Fermi surface of Pd is ob-
tained with the use of sample holders with accurate
positioning facility and the dual dHvVA spectrome-
ters described below.

1. Field-modulation technique

The method used for dHVA measurements on
small Pd, PdH,, or PdD, samples (typically
0.7x0.7x 10 mm? is the large-amplitude field-
modulation technique. Since the method is
described in great detail by Stark and Windmiller!®
we give here only a very brief description of our ex-

perimental setup. The sample holder is shown in
Fig. 1. It consists of two dHvA detection systems:
one for measurements on Pd (hydrogenated or not)
and one for measurements of the dHvA signal of a
copper reference crystal. The palladium sample is
soldered to a beryllium-copper plunger with the use
of a silver-based solder with a melting point of
550°C. The plunger can be taken out of the sample
holder for hydrogenation or deuteration. The
reproducibility in the position of the Pd crystal be-
fore and after H (or D) loading is checked by means
of the dHvA effect itself; the relative changes in the
frequencies after removal and subsequent reposi-
tioning of the sample are less than 1075,

For all runs the modulation frequency lies be-
tween 30 and 90 Hz. The skin depth is then much
larger than the diameter of the sample. A PDP
11/05 computer monitors the magnet current,
which is proportional to the magnetic induction B,
and adjusts the field-modulation amplitude b in
such a way that the modulation phase factor b /B?
remains constant. The signal induced in the pickup
coil is fed via a low-noise impedance-matching
transformer to a lock-in amplifier for phase-
sensitive detection. Second-harmonic detection is
used for most of the measurements.

In order to obtain the accuracy required to mea-
sure the small dHvA frequency changes induced by
H or D in Pd we use the method of Harmans and
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FIG. 1. Sample holder for the dHvA experiments
using the field-modulation technique. The dHvVA signal
of the copper reference crystal is used to calibrate con-
tinuously the magnetic field.
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Lassche'® for the calibration of the magnetic field.
Calibration points equidistant in 1/B are obtained
by means of the reference detection system shown
in Fig. 1. The reference crystal is a copper crystal
with a relatively high Dingle temperature. The
copper dHVA signal is almost free of harmonic con-
tent. The negative-to-positive zero crossings of the
reference signal are used for the timing of the data
sampling of the Pd, PdH,, or PdD, signals. The
magnetic field is varied at constant d(1/B)/dt.
The copper [111]-neck frequency F=2173.56 T is
used to measure the X and L pockets of palladium,
and the [111]-belly frequency F=58072.4 T is used
to measure the large palladium I" electron sheet.

2. de Haas—van Alphen torque

A schematic diagram of the torquemeter used for
dHVA measurements on large samples (typically
6 6% 10 mm?) is shown in Fig. 2. It is a modified
version of the one used by Griessen et al.!” It con-
sists of a movable part (on which the Pd sample is
attached) supported by a double crossed-spring sys-
tem. The rotation axis of the movable part is per-
pendicular to the magnetic field B and parallel to
the [010] axis of the investigated Pd, PdH,, or
PdD, crystals. The whole torquemeter can be ro-
tated about an axis parallel to the rotation axis of
the movable part, so that the direction of B can be
varied in the (010) plane. The position of the sam-
ple is accurately reproduced by clamping it on the
spring-suspended movable part of the torquemeter.
The whole torquemeter is subsequently aligned in
the magnetic field by observing the beat pattern of
the dHvA oscillations of the X ellipsoids near [110].
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FIG. 2. Torquemeter used for dHvA measurements.

The very small rotation of the movable part pro-
duced by the dHVA torque changes the distance be-
tween the two capacitor plates; the resulting capaci-
tance changes are measured with a General Radio
capacitance bridge. Similar to the field-modulation
technique the data acquisition of the palladium sig-
nal is triggered by the dHvA signal of a copper
reference crystal. This copper crystal is cut approx-
imately 5° off the [111] direction and is mounted on
a miniaturized capacitance torsion balance.

The merits of the field-modulation technique are
its high sensitivity and the possibility to suppress
unwanted dHvVA frequencies or harmonics by
choosing an appropriate modulation amplitude.
The main advantage of the torque method, on the
other hand, is that absolute measurements can be
done on relatively large samples without encounter-
ing skin-depth problems. This is important for our
investigation of PdH, and PdD, as it makes it pos-
sible to use samples for which the hydrogen or deu-
terium concentrations can be accurately determined
gravimetrically. For high dHvA frequencies the
sensitivity of the torque method is, however, lower
than that of the field-modulation technique. The
torque method is thus used only for measurements
of the H- or D-concentration derivatives d In4 /dx
of extremal cross sections of the X and L hole ellip-
soids. The field-modulation technique is primarily
used to measure the ratios of the dind /dx deriva-
tives for the I, X, and L orbits.

Both the field-modulation and torque dHvA
spectrometers fit into the bore of a multifilamentary
Nb;Sn-NbTi superconducting magnet of 12-T max-
imum field. The homogeneity is better than 10~>
in a sphere of 15-mm diameter. All the field
sweeps were carried out between 4 and 10.5 T at
temperatures between 1.2 and 1.5 K.

The dHvA frequencies and amplitudes averaged
over the magnetic field range of a given “field-
modulation” or “torque” run are determined by
means of standard Fourier transformation or from
a least-squares fit of the data by means of de
Prony’s method'® (for a recent description of this
method see Ref. 19). With both methods of
analysis the frequencies are reproducible within one
part in 10° from run to run.

B. Sample preparation

The palladium samples used in this work are
prepared from palladium powder with a total quot-
ed impurity content of 6 ppm (less than 2 ppm iron)
supplied by Johnson and Matthey. The powder is



5324 BAKKER, FEENSTRA, GRIESSEN, HUISMAN, AND VENEMA 26

melted in a water-cooled copper boat with the use
of high-frequency induction heating to obtain a rod-
like ingot. From this ingot a cylindrical single crys-
tal with a diameter of ~7 mm and a length of ~80
mm is grown by means of zone melting and subse-
quently cut by means of spark erosion into rec-
tangular bars of 0.7X0.7X10 mm® for field-
modulation measurements, and cylindrical samples
with a diameter of 6 mm and a length of 10 mm are
cut for torque measurements. The samples are
etched in dilute aqua regia to obtain a clean surface
and annealed in air for 72 h at 1000°C. The final
resistivity ratio p(300 K)/p(4.2 K) is approximately
6000.

The Pd crystals are charged with H or D by gas
absorption at a temperature between 470 and 670 K.
The equilibrium gas pressure required for a desired
concentration is evaluated for the low-concentration
limit* by means of

[p(Torr)]'>=x exp[C, +(C, /kpT)] (1)

with the values C;=9.77 and C,/kz=—1165 K
for PdH,, and C;=9.72 and C,/kz=—950 K for
PdD,, given by Wicke and Nernst.?! kg is the
Boltzmann constant and x is the concentration of
interstitials. In order to obtain a uniform concen-
tration (deviation less than 1% of the average con-
centration) the samples are kept at the loading tem-
perature for a time longer than R?/Dy p) where R
is the radius of the sample and Dy p, is the hydro-
gen (deuterium) diffusion coefficient at the loading
temperature.

After charging, the concentration of the large
samples used in torque experiments is accurately
determined by measuring the weight increase due to
the hydrogen or deuterium uptake with a Mettler
microgram balance. The reproducibility of the gra-
vimetric measurements is ~1 ug. The correspond-
ing uncertainty Ax/x is about 8%. As shown in
Fig. 3 good agreement is found between the predic-
tions of Eq. (1) and the concentrations determined
gravimetrically.

One of the major difficulties of the present dHvVA
investigation is to produce homogeneous dilute a-
phase PdH, and PdD, samples at liguid-helium
temperatures. The difficulty is that the coexistence
line between the homogeneous a and the mixed
(a+a') phases of the PdH, or PdD, phase dia-
grams?? is inevitably crossed when cooling the sam-
ple down from the temperature of ~600 K, at
which the sample is charged with H or D, to the
temperature of ~1.5 K, at which dHvA experi-
ments are carried out. At that temperature and in
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FIG. 3. Sieverts plot for the PdH, and PdD, sam-
ples used in dHVA torque measurements. The samples
are charged with hydrogen at 498 K and with deuterium
at 673 K. [See Wicke et al. (Ref. 21), Evans et al. (Ref.
24), and Simons et al. (Ref. 22).]

]

thermodynamical equilibrium the sample consists
of islands of concentrated a'-phase PdHj g
(PdDy ¢) in a virtually pure palladium matrix. De-
pending on the cooling rate from ~600 K to heli-
um temperatures the segregation in a and a’ phases
will be more or less complete.

The effect of phase segregation on the dHvA fre-
quency corresponding to the smallest cross-sectional
area of the X ellipsoid is shown in Fig. 4. The fre-
quency varies in a complicated way with concentra-
tion. At low concentrations (x < 0.005) the frequen-
cy decreases linearly with the hydrogen-to-
palladium ratio. At concentrations higher than
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FIG. 4. Variation of the dHvVA frequency of the
[001] orbit of the hole ellipsoid centered at X(0,0,1) with
hydrogen concentration x. For x =0.005 the frequency
shifts are strongly dependent on the cooling rate.
Cooling™ rate: 1200 K/min (H); 30 K/min (O); 10
K/min (A ); 2 K/min (0).
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0.005 the frequency decreases linearly too, but with
a significantly smaller slope. The frequency shifts
observed around x =0.005 depend strongly on the
rate at which the sample is cooled down.

This indicates that a homogeneous a phase can
be obtained by rapidly cooling down samples con-
taining no more than 0.5 at. % hydrogen at a rate of
1200 K/min. For higher concentrations segregation
takes place because the diffusion rate at the tem-
perature T, where the a-a’—phase coexistence
line is crossed, is much higher than in very dilute
samples (T, tends to zero in the limit of low con-
centrations). The observed dHvA frequency shifts
correspond then to a palladium-hydrogen alloy with
a concentration equal to that of the nonequilibrium
a-phase matrix (the contribution of the highly
disordered «' islands that occupy only a small frac-
tion of the sample volume is negligible). This con-
centration is lower than the nominal hydrogen con-
centration x in the sample, and therefore the ob-
served variation with x is smaller than in a non-
segregated sample. The same behavior is observed
for PdD, alloys except that the maximum concen-
tration for which homogeneous a-phase samples
can be obtained by quenching at 1200 K/min is re-
duced to 0.4 at. % D. This is due to the higher dif-
fusion rate of D in Pd (at room temperature, for ex-
ample, the diffusion coefficient of D in Pd is
595% 1077 cm?/s while that of H in Pd is
4.04x10~7 cm?/s).

III. EXPERIMENTAL RESULTS

Detailed experimental dHvA studies by Vuille-
min®® and recently by Dye et al.,?® as well as band-
structure calculations by Mueller et al.,?” Andersen
and Mackintosh,?® and Andersen® indicate that the
Fermi surface of palladium consists of a sixth-band
electron sheet centered at point I' of the Brillouin
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FIG. 5. T electron sheet and the X and L hole pock-
ets of the Fermi surface of palladium. The investigated
extremal cross-sectional areas are shaded.

zone, three equivalent fourth-band hole ellipsoids at
X, four equivalent fifth-band hole ellipsoids at L,
and a complex structure of interconnected tubes
open along the [001] directions, the so-called fifth-
band jungle gym. The principal cross-sectional
areas of the T electron sheet and the X and L hole
ellipsoids investigated in this study are indicated in
Fig. 5. The H- and D-concentration dependence of
the dHVA frequencies corresponding to the cross
sections in Fig. 5 is shown in Figs. 6(a)—6(d) for
homogeneous a-phase PdH, and PdD, alloys. For
both the hydrides and the deuterides the frequency
and therefore the size of the electron sheet at I' in-
creases with increasing interstitial concentration
while the hole ellipsoids at X and L decrease in size.
Values for d1n4 /dx derived from the slope of the
curves in Figs. 6(a)—6(d) are given in Table I. The
data in Figs. 6(a)—6(d) or Table I show that impor-
tant isotope effects may be present in the electronic
structure of metals containing light interstitials. The
concentration dependence of X and L hole ellipsoids
in PdH, is 2 to 3 times smaller than in PdD,. On
the other hand, no isotope effect is present for the I’
electron sheet. This indicates that isotope effects

TABLE I. Hydrogen- (deuterium-) concentration derivatives of the dHvA frequencies F associated with the extremal
cross-sectional areas 4 shown in Fig. 5 (F =#cA /2me). The experimental methods used to obtain d InF /dx are indicated

by M (field modulation) or T (torque method).

Fermi-
surface Orbit Field dInF /dx
sheet center direction F (T) A4 (au."?) PdH, PdD,
" electron sheet 1'(0,0,0) [001] 27330 0.7305 + 0.26+0.03 (M) + 0.24+0.03 (M)
X hole pocket X(0,0,1) [001] 571 0.0153 —1.9+0.2 (M, T) —3.440.3 (M,T)
X(0,0,1) [101] 689 0.0184 —1.740.2 (T) —3.7+0.6 (T)
X(1,0,0) [001] 888 0.0237 —2.0+0.2 (M,T) —4.0+0.4 (M, T)
L hole pocket L(3,5,7) [001] 228 0.0061 ~8+1 (M,T) 2241 (M,T)
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FIG. 6. Concentration dependence of the dHVA frequency of several extremal cross-sectional areas of Pd; (a) T or-
bit, (b) X(0,0,1) orbit, (c) X(1,0,0) orbit, and (d) L orbit. (@) PdH, and (O) PdD,.

are strongly dependent on the symmetry of the
states at the Fermi surface of the host metal.

It is important to note here that in the present
dHvA investigation of the Fermi surface of PdH,
and PdD,, the H- (D-) concentration dependence of
the T orbit is determined in the same run as that of
the X and L orbit. The observed isotope effect for
the X and L orbit can therefore not be due to a sys-
tematic experimental error, just as in the same run,
on the same sample, no isotope effect is observed
for the " orbit. Furthermore, isotope effects have
been observed in both the absolute value (in torque
measurements) and the ratios of dInd /dx’s (ob-
tained from field-modulation runs).

Recently, isotope effects have also been found for
the concentration dependence of the Dingle tem-
perature Tp (kpTp=mwAE, where AE is the
broadening of electronic levels by impurities). For
the X ellipsoids dTp/dx is approximately two times
larger in PdD, than in PdH,. Within experimental
error no isotope effect in dTp/dx is observed for
the T sheet.*°

IV. ANALYSIS OF RESULTS
A. Reduction of experimental data

In the present section the experimental results
given in Table I will be analyzed in detail. The fre-
quency shifts associated with the dHvA orbits will
be converted to average shifts in energy of the states
on those orbits. In order to simplify the subsequent
discussion we first separate volume effects from
purely electronic contributions to the dHvA fre-
quency shifts.

As is well known the macroscopic total volume
increase AQ,, of a sample absorbing hydrogen is
partly due to the extra volume of the interstitial it-
self and partly to the relaxation of the host lattice.
Only the latter contribution to the volume expan-
sion will affect the dHvA frequencies. As calculat-
ed by Eshelby’! the contribution of the metal-
matrix relaxation AQ, to the total volume change
caused by a homogeneous distribution of dilation
centers is



AQ g = %_ll_ﬁA‘Qtot ’
—v

where v is the Poisson ratio of the matrix. For pal-
ladium at low temperatures,”> v=—S,/S;
=0.435. Together with (d InQ /dx);,;=0.19 (Refs.
33 —35) this leads to a concentration dependence of
the palladium-matrix expansion (d InQ/dx ),
=0.03, which is only 16% of the total volume ex-
pansion. The dHvA frequency shifts at constant
volume () are thus given by

dInF dInF dInF
= —0.03 .
ax g dx dlnQ |,

The volume derivatives of the dHvA frequencies
were measured in Pd by Venema et al.’® We as-
sume here that they are independent of x for small
x. For all orbits the volume-dependent term is
small.

We can now convert the volume-corrected fre-
quency shifts (3InF/dx)q to energy shifts
AE=(Ey —Er) at constant volume by means of

AE A4 dInF
x mmy, Ox

()
Q

if one assumes that dInmj/dx=~0. The angular
brackets indicate an average over the orbit associat-
ed with the frequency F. A4 is the area of the corre-
sponding extremal cross section and m; the band
mass. For small values of x, Er remains constant
relative to the atomic zero of energy. Therefore, in
the dilute limit AE is the energy shift on an abso-
lute energy scale.

The energy shifts calculated by means of Eq. (2)
are given in Table II. This table shows that the I’
sheet is pulled down at the rate AE /x=45+2 mRy
in both PdH, and PdD,. The small difference be-
tween the hydrides and the deuterides is less than
the experimental error. The X and L pockets, on

TABLE II. Hydrogen- (deuterium-) concentration
derivatives at constant volume of average energy shifts
AE /x (in mRy) for various orbits of the Fermi surface of
PdH, and PdD,. The values for the X orbit are averages
over the measured orbits indicated in Table I.

AE /x (mRy)

Orbit PdH, PdD,
r —4745 —4345
X —23+2.4 —45+4
L —23+2.9 —64+2.5
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the other hand, are seen to behave completely dif-
ferently in the hydride and the deuteride. In PdH,
both are pulled down by 20—25 mRy per H, while
in PdD, they are lowered by 45 and 65 mRy per D,
respectively.

B. Semirigid band model

The results for the T sheet can be used to obtain
more information on the influence of H or D on the
electronic structure of the Pd host. To this end we
describe the electronic structure of PdH, or PdD,
by three bands: a nearly-free-electron band, a d
band, and a low-lying H (D) band. The last one
vanishes in the limit of x =0. Furthermore, we as-
sume that the nearly-free-electron band and the d
band are shifted rigidly in energy by amounts x5,
and x§4, respectively (see Fig. 7). We also assume
that these two bands lose some weight in favor of
the H (D) band when H or D is added. The corre-
sponding densities of states n.(€) and ng(€) can
then be written to lowest order in x as

n.(e)=[1—xy.(e)1nde—x8,) , (3a)

ngle)=[1—xyy(€e)nd(e —x8;) , (3b)

where n0 and n) are the densities of states of the
nearly-free-electron band and of the d band, respec-
tively. 7.(€) and y4(€) describe the loss of weight
of these bands. Volume effects such as band nar-
rowing do not need to be considered here since the
energy shifts at constant volume are being discussed.

The number of states § pulled below Er by the
rigid shifts x8. and x8, is equal to the number of
electrons put at the Fermi surface when H or D is
added. This can be estimated from band-structure
calculations®” or magnetic susceptibility measure-
ments.>>3 In the semirigid band model ¢ is equal

n(E)
7T
r/ |
_ ' |
M I !
: I | !
Lo e
| | P |
+—— - EF E
X5, X84
FIG. 7. Model density of states of Pd (——) and

PdH, (---). The shaded area indicates the part of the
density of states of Pd that has disappeared due to the
addition of hydrogen. Its weight is equal to that of the
low-lying hydrogen band (=2x).
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to

E_.—xb
E= fE: “ 1€ 1—xy4(e)]de

Ep—x8,
+ [y, nde—xycle)lde

= —x[nJ(Ep)8;+ndEp)8,]+0(x%) . ()

The loss of weight of the Pd bands does not contri-
bute to & to first order in x.

The number of valence electrons per unit cell is
given by

E E
10+x=2x+f_Fnc(e)de+ f_Fnd(e)de (5)

since Pd has ten electrons and the hydrogen atoms
contribute x electrons per unit cell. On the right-
hand side of Eq. (5), 2x is the number of electrons
in the low-lying impurity band. The other two
terms are the number of electrons in the nearly-
free-electron band and d band, respectively. With
the use of Egs. (3) and (5), Eq. (4) can be rewritten
as

E
%:f " [nde)ve(e)+ndlervale)lde~1 .

(6)
Equation (6) shows that § /x is equal to the num-
ber of Pd valence electrons that are removed from
the Pd bands due to the loss of weight of these
bands, minus the number of Pd electrons accommo-
dated in the low-lying band. In the anion model® it
is assumed that the weight of the Pd bands does not
change upon H absorption. This means that y,(€)
and y4(€) vanish identically and that {/x=—1.
The proton model,*! on the contrary, corresponds to
the case where the hydrogen band is derived com-

pletely from Pd bands below Er. This means that

E E
2x=x [f_:nco(e)yc(e)de—f-f_:ng(e)yd(e)de

Therefore, in this model {/x=+1. §/x is expect-
ed to lie between these limits. Averaged ¢-matrix
calculations®” have shown that the Pd bands lose
weight in favor of the hydrogen band and that £ /x
is roughly equal to 0.5 in dilute PdH,, alloys. This
result is confirmed by magnetic susceptibility mea-
surements,> which indicate a value of roughly 0.6.
Recent susceptibility measurements® also show that
§ /x is the same for both H and D.

Using Eq. (4) we can evaluate the average energy
shift of the d band, 8;, which is essentially equal to
the average energy shift of the states on the jungle
gym.””?’  For this we need values for 8, and for
nd(Eg) and nAEp). 8, is given in Table II (—47
mRy for PdH, and —43 mRy for PdD,). nJ(Ep)

and n(Ep), calculated by Andersen,” are equal to
27.7 and 3.4 electron/Ryatom, respectively. The
resulting relation between 8; and {/x is shown in
Fig. 8. The anion- and proton-model values of & /x
are indicated, as well as the value estimated from
the magnetic susceptibility measurements. The er-
ror bars arise from the 0.03 uncertainty in
(d InF /dx ). They are very small because 8,1 (Ef)
is of the order of 0.1.

The data given in Table II and the relationship
between &; and & /x indicated in Fig. 8 lead to the
following conclusions. The relation between 8; and
£ /x is the same for both the hydride and the deu-
teride because, within experimental error, 8, is the
same for PdH, and PdD,. Furthermore, calcula-
tions’*® as well as experiments®® indicate that
0.5<§/x <1.0. Magnetic susceptibility measure-
ments,* moreover, indicate that £ /x is isotope in-
dependent. As a result, §; is between —13 and
—32 mRy and is the same in the hydride and the
deuteride.

C. Isotope effect

Three features of the isotope effect have to be ex-
plained. In the first place, there is within experi-
mental error no isotope effect in the shifts of the I’
states and consequently, as shown above, there is no
isotope effect in the shifts of the energies of the
jungle-gym states either. In the second place, there
is a very large isotope effect for the small X and L

- 400
! 5, (mRy)
ANION d Y
/200
L L 1 )
-10 -05 o5 10
£
X
-200 T PROTON
ATAT l
X
—40,0J

FIG. 8. 8; as a function of {/x. The anion-model
and proton-model values of §/x have been indicated, as
well as estimates from averaged-f-matrix calculations
(Ref. 38) and magnetic susceptibility (Ref. 39) measure-
ments (X).
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pockets. The difference in energy shift between the
hydride and the deuteride is of the order of the en-
ergy shifts themselves. In the third place, there is a
qualitative difference between the hydrides and the
deuterides. In PdH, all d states—small hole pock-
ets and jungle gym—are shifted downwards by
roughly the same amount (~ —20 mRy). If we take
the energy shifts of the X and L pockets as a mea-
sure for the energy shift of all d states, i.e., as a
measure for §,, then Eq. (4) would give for {/x a
value of 0.8, which is not inconsistent with other es-
timates of this quantity. In PdD,, however, the d
states are shifted downwards at rates that depend
strongly on the character of the states of interest (X
pocket, L pocket, or jungle gym).

We attribute the isotope effect to the difference in
mass between H and D, which in turn leads to a
difference in the zero-point-motion amplitude of
the interstitial in the Pd matrix. The energy of this
zero-point motion is ~56 meV in PdH, and ~40
meV in PdD,.*? Since these values are much lower
than the plasma energy of the conduction electrons,
which is of the order of 5 eV, the screening cloud
around the impurity will follow the motion of the
impurity adiabatically. The effective potential can
then be written as V(T+p), where (p?) is the mo-
mentary position of the impurity; its average value
is determined by a Gaussian factor e ¥/p")
where {p?) is the mean-square deviation of the im-
purity from its average position. From neutron
scattering experiments* (p?) is found to be equal
to 0.32 a.u.? in dilute hydrides and 0.23 a.u.? in deu-
terides.

If (p?)!/? is small compared to a typical length
of the potential, then V(¥4 p) can be expanded in a
Taylor series around p=0. The average potential is
then the following:

3/2
3

27 {p*)
% fe_(3/2)(p2/(p2))V(?+ﬁ)dﬁ

(V(1)) =

=V(O)+ (VW@ + - . (]

In the immediate vicinity of the impurity we can
approximate V(T) by

I+2— e, (8)

V(T)=—=
() r 2A

in analogy with the time-averaged potential of a
neutral hydrogen atom.** We also write the density
¢@*(T)p(T), corresponding to the crystalline Pd state
@(T) as

¢ (T)p(T)= | @(3) | *+g(T

where | @(3)|? is the density at the octahedral site.
To first order in V(T) the energy shift AE is then
equal to

= [(V(@®) | @(D) | 4T
=—167A%| (3 |2

+ [ V@)

el

Jg(f’)d?,

with f(A/r)=(1+2A/r)"! ©

The energy shift AEr/x of the states on the T
sheet is dominated by the first term on the right-
hand side of Eq. (9) because for these states g(T) is
small compared to | ¢(3)|2. By fitting A to the ob-
served value of AEp/x (~—45 mRy) we find that
A~0.58 a.u. This value is close to that of the neu-
tral hydrogen atom for which A,,,,,=0.5 a.u.

Equation (9) shows that zero-point-motion effects
are only possible when the charge density corre-
sponding to state ¢(T) is not completely uniform.
This is true in fact for all impurity potentials, not
only those that allow a Taylor-series expansion, be-
cause the energy shift is independent of the position
of the impurity when @*(T)@(T) is constant in
space. The zero-point-motion effect occurs only in
the factor [1+4{p?) /(6A2)1f(A/r). As {(p*) is of
order 0.3 a.u.? and A of order 0.6 a.u., this factor is
roughly equal to 1.1. As a result, for states on the
I" sheet, the effect of zero-point motion is at most
10%. This is confirmed by the present dHVA ex-
periments which show that within experimental er-
ror there is no isotope dependence of the T energy
shifts.

The most interesting feature of the dHvA results,
to be discussed now, is the isotope dependence of
the energy shifts of the states on the X and L pock-
ets. In analogy with Eq. (7) we can write AE /x as

AE AE

. +£(p*)), (10a)
with
AL, (10b)
and
(| £V | @) 100
_—T . . IC
(| V]@)

AE , corresponds to the energy shift of an infinitely
heavy interstitial.
For the X pocket, AE  /x and £ are found to be
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equal to —89.2 mRy and —2.3 a.u.”2, respectively.
For the L pocket, the corresponding values are
—176 mRy and —2.7 a.u."2 The large values of
AE  /x are difficult to understand because the X-
and L-pocket states have virtually no charge density
near the octahedral site. It is in fact negligible“s’46
out to about 2 a.u., which is far beyond the screen-
ing length A=0.58 a.u. found above. As a result no
short-range potential such as a muffin-tin potential
can affect these states. This implies that the long-
range part of the screened proton potential must be
included in order to satisfy Friedel’s self-
consistency ' condition dEp/dx =0. Some long-
range effects such as those due to charge transfer
may produce sizable energy shifts. These shifts are,
however, the same for all d-like states and do not
exhibit the strong K dependence implied by the
present dHvA data.

Although the large absolute values obtained

C

V(T)) ~
( (r)> (kpr)3

The effect of zero-point motion occurs in two dif-
ferent places in the previous equation. First of all
there is a multiplicative factor 1—+(p?)(2ks)%,
which is completely analogous to the factor
14+ +{p*)f(A/PA~% in Eq. (9). In the simplest
possible model the screening is done by the nearly-
free conduction electrons, i.e., the I'-sheet electrons.
kg is then of the order of 0.5 a.u.”! and C is of the
order*® of (277)~!. The multiplicative factor in Eq.
(11) differs then from 1 by only a few percent and
cannot explain the observed isotope effect.

Zero-point motion also enters the expression for
(V(7)) through an extra term,

, sin(2kgr +7)

! 2

AV =5C{p*)(2kp) Kpr)
This term is alternately attractive and repulsive
with a wavelength 7 /kp~6 a.u. By choosing 7
properly it can be made repulsive in the region
where the d charge closest to the impurity is con-
centrated. As the strength of this term falls off as
r 4 subsequent attractive regions can be neglected.

For the states on the X pocket, which have nearly
xz or yz symmetry, the resulting energy shifts can
be easily computed by replacing the four lobes of

[1_%<P2>(2kp)2] cos(2kpr +1)+

above for £ cast some doubts on the validity of the

expansion used in Eq. (10a) the negative sign of &

suggests that the screening potential is oscillating in
space rather than decreasing exponentially. This
follows from the fact that for the potential given in
Eq. (8) £~(6A%)~!, and consequently that £ <0 im-
plies that the screening length is imaginary.

In the remaining part of this section we shall ex-
plore the role of long-range oscillations in the
screening potential. For simplicity we assume that
the tails of the potential have the usual Friedel form

V(T)=C[cos(2kpr +1)1/(kpr)® ,

where the amplitude C, the phase 7, and the
Fermi-wave-vector kr depend on the electronic
structure of the host and on the scattering proper-
ties of the impurity.*’

After averaging we find

sin(2kpr +m)

+O0Wkpr)™2) | . (11
kpr

+{p* ) (2kp)?

—
the d states*® by & functions 1.0 a.u. away from the
Pd atom. The large isotope effect can be repro-
duced by taking kp=0.5 au.~! and n=—1.1.
| C |, however, has then to be equal to 0.9 com-
pared to (27) ! in the free-electron model.

In conclusion, the isotope effect can, at least for
the states on the X pocket, be reproduced by taking
into account the long-range Friedel oscillations and
the zero-point-motion-induced potential AV. Such
an explanation is, however, quite unsatisfactory.
We have shown above that the average shift of the
d states is nearly isotope independent. It is not clear
at all how this comes about with the use of the
Friedel oscillations, because the perturbing potential
AV is approximately constant in the region where
the d charge is appreciable. Of course, the various
d states do not have exactly the same spatial distri-
bution and the required large k dependence of the
energy shifts could be caused by a large spatial
dependence of C and 7. But even then, it is not
clear physically why C and 7 should be such that in
PdD, the energy shifts of the states on the X and L
pockets deviate strongly from the average shifts,
while in PdH, the energy shifts are all roughly
equal. Another mechanism that takes these features
explicitly into account seems to be called for.
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