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Electric field gradient and its temperature variation at !!!Cd in ruthenium and osmium
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The nuclear quadrupole interaction at '''Cd in Ru and Os was measured as a function of tempera-
ture with the use of the y-y perturbed angular correlation technique. The temperature variation of
the electric field gradient is very small for each of the host materials but follows the 7372 law. The
present results are discussed in comparison with our earlier measurements of the electric field gra-
dient at '''Cd in the other transition metals Ti, Zr, Hf, and Re.

I. INTRODUCTION

Nowadays the temperature variation of the electric field
gradient (EFG) in nontransition metals is well documented
and the data can be represented by the empirical relation

eq(T)=eq(0)(1—BT*"?) (1)

with B the so-called slope parameter.! Recent experiments

show that B is roughly proportional to (M®%)~! (®), is
the Debye temperature of the host lattice, M is the mass of
a host atom) not only for pure systems but also for impur-
ity systems.>® Nishiyama and Riegel* found that the
combination of the lattice expansion and the T>/% depen-
dence of the mean-square displacement {x?2) results in a
T3/2 law for the EFG. It is important to note here that a
T3/% dependence of (x?2) is empirical and, although not
reproducible analytically, it is very well approximated in
the framework of a quasiharmonic theory.> The repopula-
tion of the electronic states at the Fermi level has little in-
fluence on the EFG for normal metals. For some transi-
tion metals, however, electronic effects may be strong, re-
sulting in a deviation from the T3/? law.

Unfortunately, the variation of the EFG as a function
of temperature in a pure transition metal has not been
measured until now, but there exist experimental data on
what we will call almost pure systems, e.g., *ScTi (Ref. 6)
and '8'TaHf (Ref. 7). The electronic structure of the im-
purity core is very similar to the structure of the host
atom core; therefore, we may consider the temperature
dependence of the EFG for “ScTi and '|'TaHf as
representative of the pure systems. The experimental re-
sults indicate that these almost pure systems do follow the
T3/2 law, with a slope parameter B proportional to
(M®2%)~, in line with nontransition metals.

This observation is opposite to what was found in a lim-
ited number of impurity-transition-metal systems. There,
in most cases, a strongly probe-dependent temperature
variation of the EFG was found not following the T3/2
law. The present results on the temperature dependence of
the EFG at ''!Cd in Ru and Os complete a series of exper-
iments®® performed on the same impurity in different
hexagonal transition-metal hosts. With the use of the data
presently available we will look for systematic trends.

II. EXPERIMENTAL

The applied experimental technique is time-differential
perturbed angular correlations (TDPAC) on the familiar
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Mg cascade and we refer to previous work for details.®®
Both the sources were prepared by room-temperature im-
plantation of the !''In parent activity, at an energy of 85
keV, into Ru and Os single crystals. The Ru and Os crys-
tals were implanted to a dose of 2X10'* and 1x10"3
atoms/cm?, respectively. After implantation the Ru and
Os crystals were annealed at 800°C for 22 and 10 h,
respectively, under a high-purity (99.9999%) dried argon
atomsphere. During annealing a considerable part of the
activity was evaporated from both the samples.

The samples had to be annealed because the TDPAC
spectra of the as-implanted samples did not show up the
pattern expected for a well-defined nuclear quadrupole in-
teraction. After the heat treatment a pattern correspond-
ing to an almost undamped unique nuclear quadrupole in-
teraction appears, showing that almost all nuclei are sens-
ing the same electric field gradient. The '''In impurity
concentration was estimated to be 100 ppm for Os and 200
ppm for the Ru sample. A conventional four-detector set-
up with four 1.5 in. X 1.5 in. Nal(T1) scintillation crystals
mounted on RCA 8575 photomultipliers coupled to a
fast-slow coincidence counting system was used for data
collection. With the single-channel analyzers gated on the
appropriate ¥ rays a time resolution of typical 2.5 nsec
was obtained. Data collection and reduction are extensive-
ly discussed in previous reports.®® For the intermediate
247-keV level with spin I =3 in '''Cd the time evolution
of the correlation anisotropy under the influence of a stat-
ic and axially symmetric quadrupole interaction (17 =0) is
given by

3
R(t)= 3 S,exp[ —+(nwqot)*]cos(nwot) .
n=0
The frequency wy is related to the nuclear quadrupole cou-
pling constant v, through
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where Q is the nuclear quadrupole moment and eq the
largest component of the EFG tensor in the principal-axis
system.

The exponential factors allow for a possible Gaussian
distribution of the EFG’s around the value o, with a
width o. The orientation of the Os single crystal was
known to be perpendicular to the surface of the single-
crystal disk. The Ru single crystal was cut from a single-
crystal bar perpendicular to the cylinder axis. Usually the
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¢ axis is parallel to that axis. We oriented the crystals so
that the ¢ axis was in the plane of the detectors at a 45° an-
gle to either of them. In all the fitting procedures the
coefficients S, were free, allowing for possible texture in
the single crystal. The time resolution is small compared
to the time period of the quadrupole interaction frequency
and is therefore disregarded in the data analysis with S,
g, and o as the only free parameters.

III. RESULTS

A. "MCdRu

The spin precession spectra observed are shown in Fig.
1. The nuclear quadrupole interaction frequency
v,=22.6(3) MHz at 293 K. All the spectra could be fit-
ted with 7=0. The amplitudes are slightly attenuated.
The spread in EFG’s i.e.,, 0 has a maximum value of
0.07(1) for the measurement at 4.2 K and reduces to a
minimum value 0.03(1) at the highest measuring tempera-
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FIG. 1. Spin precession spectra for the nuclear quadrupole in-
teraction at '''Cd in Ru for different temperatures.
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TABLE I. The observed quadrupole interaction frequency Vq
at '"'Cd in Ru at different temperatures. eqexpt i the electric
field gradient. eq;,, and eq. are the ionic and electronic contri-
butions as detailed in the text.

eqexpt €Gion eqa (egexpt <0)

T (K) v, (MHz) (10" V/cm?) (107 V/em?) (107 V/em?)
42 24.603) 1.27(11) +2.05 —3.32
77 23.7903) 1.23(11) +2.04 —3.27
293 22.6(3) 1.17(10) +2.00 —3.17
485  22.4(3) 1.16(10) + 1.97 —3.13
670  21.5(2) 1.11(10) +1.92 —3.03
812 20.5(2) 1.06(9) + 1.89 —2.95
1080  19.6(2) 1.01(9) + 1.81 —2.82

ture T=1080 K. Radiation damage still present after the
given heat treatment seems to anneal out further during
data collection at high temperatures. The spectra show
neither the pattern expected for a single crystal in the
present geometry nor the pattern expected for a polycrys-
talline sample. We checked the crystal structure by the
Laue back-reflection technique and observed rings and
well-defined points of increased intensity, showing that
there are polycrystalline parts in our crystal. We believe
that these parts are situated on the surface and are pro-
duced during mechanical polishing after cutting. We also
found that the ¢ axis of the single crystal part is not per-
pendicular to the cutting plane.

Using the nuclear quadrupole moment [Q =0.80(7)b]
(Ref. 10) we calculated eqc,y as listed in Table I. The
large error on eq., is almost entirely due to the uncer-
tainty of the value of Q.

Usually one separates the EFG contributions in eq, due
to the conduction electrons and eq;,, due to the lattice
ions. The lattice contribution at the bare nucleus obtained
from the formula of Das and Pomerantz'! is multiplied by
the Sternheimer antishielding factor (1—v,) to account
for the deformation of the core electron cloud by the
external charges. Feiock and Johnson'? calculated
¥ =29.3 for the Cd** charge state.

Using the measured lattice constants of Ru (Refs. 13
and 14) and assuming a + 4 charge state of the Ru lattice
ions we obtain the eq;,, values listed in Table I. Accord-
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FIG. 2. Quadrupole interaction frequency v, vs T°/2 for
"CdRu.
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FIG. 3. Slope parameter B vs (M®3)~! for different systems.

ing to the universal correlation'> we take eqexpt hegative

and calculate the enhancement factor K =eq, /eq;,,
= —1.5. The quadrupole interaction strength v, vs T3
is displayed in Fig. 2.

The solid curve represents a T3/ dependence as

04k T=23 K + 4
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FIG. 4. Spin precession spectra for the nuclear quadrupole in-
teraction at !''Cd in Os at different temperatures.
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TABLE II. The observed quadrupole interaction frequency v,
at ""'Cd in Os at different temperatures. eq. is the electric
field gradient. egq;,, and eq. are the ionic and electronic contri-
butions as detailed in the text.

€q expt €qion €qel (eqexpt <0)
T (K) v, MHz) (107 V/cm?) (10" V/em? (10" V/cm?)
113 33.5(3) 1.73(15) + 2.10 —3.83
293 33.4(3) 1.72(15) + 2.06 —3.78
520 31.4(3) 1.62(14) + 2.03 —3.65
721 30.7(3) 1.58(14) + 2.00 —3.58
978 29.2(3) 1.51(13) + 1.95 —3.46

vg(T)=v,(0)(1—BT3"?)

with v,(0)=23.7(3) MHz and B=0.53(4)x 1075 K372
If the temperature dependence of the EFG is entirely due
to lattice effects, as suggested by the T3/2 law, B should be
proportional to (M®3%)~! with the same proportionality
constant as found for nontransition metals (Fig. 3). With
the Debye temperature of Ru, ®p=554 K, we find
(M®%)~'=0.3x10~7 K~2 and we infer from Fig. 3 that
indeed B must be smaller than 1075 K372,

B. !cdos

The nuclear quadrupole interaction frequency
v,=31.5(2) MHz at 293 K. This value is half the value
reported by Recknagel et al.' (vg=65 MHz). Their value
represents 2v, (Ref. 17) instead of v, so that the two ex-
periments are in good agreement.

The spectra observed are shown in Fig. 4. Here also the
pattern does not correspond to the one expected for a sin-
gle crystal in our detection geometry. Probably the sur-
face structure of the Os single crystal was partially des-
troyed during mechanical polishing to remove previously
implanted impurities. The amplitudes of the spin preces-
sion spectra are undamped and all spectra could be fitted
with n=0. We calculated egexp, €qion, and eq,, as tabulat-
ed in Table II.

We used for the lattice constants interpolated and extra-
polated values from measurements of Finkel et al.'* be-
tween 77 and 300 K and of Owen and Roberts'® between
293 and 973 K. We assumed that Os lattice ions to be in a
+ 4 charge state. If we take a negative sign for egyp, as

va(Tivg (o)
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FIG. 5. Quadrupole interaction frequency v, vs T for '''Cd in
Os, Ti, Zr, and Hf.
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TABLE III. Results from the fit of the experimental EFG
data at '''Cd in Ti, Zr, and Hf to a function ¢ +a exp(—B'T>/?).

B’ Br— |9 _|p
a-+c
Host a (MHz) ¢ (MHz) (10~° K7  (107° K3
Ti 28.6(4) 4.8(4) 4.4(1) 3.8(1)
Zr 12.0(3) 7.4(3) 9.2(5) 5.6(4)
Hf 23.7(5) 9.9(5) 4.5(5) 3.2(4)
suggested by the universal correlation, we find K = —1.8.

The values of v, at different temperatures plotted
against T (Fig. 5) follow a T°/? dependence with
v(0)=33.7 MHz and B=0.45x10"° K~*/2 The value
(M®%)~1=0.28 1077 K2 calculated with ®), =431 K is
located in Fig. 3 showing that B should be smaller than
103 K372 if the temperature dependence is entirely due
to lattice effects. Our result confirms that for the case
11CdOs the linear relation between B and (M®3%)~! holds.

IV. DISCUSSION

The theory of Nishiyama and Riegel shows that there
must exist a correlation between lattice expansion and lat-
tice vibration in order to explain the 73/2 law of the EFG
in pure materials. The existence of this correlation can be
understood from the fact that both lattice expansion and
vibration of a lattice atom are a function of the same in-
teratomic potential. For pure systems deviations from the
T3/? law may be expected in those cases where electronic
effects contribute significantly to the temperature depen-
dence of the EFG.

The temperature dependence at an impurity, however,
should be influenced considerably by the change in intera-
tomic force constants.!” If the force constants are not
much affected and electronic effects are small the slope
parameter B should be proportional to (M®%)~! even for
transition-metal hosts. The experimental data on **ScTi
and '8'TaHf can be fitted to a T3/ dependence with B
values proportional to the appropriate (M®%)~! values.
This shows us that for the almost pure, and very likely
also for the pure systems, the electronic contribution to
the temperature variation of the EFG is small. The
present results on ''Cd in Ru and Os also show a 732
dependence of the EFG with B proportional to (M®%)~ 1.

The EFG at '''Cd in Re did not follow the 7°/2 law al-
though the changes with temperature were of the expected
order of magnitude. Moreover, the EFG at !®!'Ta in Re
(Ref. 20) also showed little temperature variation.

All these results suggest that electronic effects are not
very important in comparison to lattice-dynamical effects
in Re, Os, and Ru. In addition, the vibrational properties
of the Cd impurity are closely related to those of the pure
material, which means that the Cd atom is strongly bound
to the host lattice.

These observations are in strong contrast to what we
measured for the group-IVA group metals Ti, Zr, and
Hf.>° The temperature dependence of the EFG at ''!Cd is
much stronger than expected from the correlation with
(M®3%)~! for the pure systems. The data on '''Cd in Ti,
Zr, and Hf suggest that the Cd atoms are weakly bound to
the host lattice, implying that the correlation between lat-
tice expansion (bulk property) and impurity vibration
({x?)) is lost.

For the special case in which the contributions of lattice
expansion are relatively small compared to vibrational ef-
fects, the theory of Nishiyama and Riegel implies that the
temperature variation should follow a exp(— 7"*/2) depen-
dence. To test this we fitted our data on !''Cd in Ti, Zr,
and Hf to a ¢ +a exp(—B'T>/?) function. The results are
listed in Table III and Fig. 5. The fits are surprisingly
good considering the fact that we ignored the influence
from lattice expansion completely. The B’ values are not
directly comparable to the B values of the 7>/ law. For
small T values one can expand exp(—B’T3/?) in a Taylor
series and our fit function can then be written as
(c+a)1—B"T3?) with B"=[a/(c+a)]B’. The B",
comparable with B values, are listed in Table III. We see
that the B" values are among the largest ever measured.

The question arises how to explain the large difference
in force constants between the Cd impurity and the sur-
rounding lattice comparing the group-IVA metals Ti, Zr,
and Hf with Ru, Os, and Re. Rafailovich and Schatz?!
showed that there exists a proportionality between the
host-to-impurity force-constant ratio and the host-to-
impurity volume ratio. Therefore, we have listed in Table
IV the atomic radii and compressibilities of the metals of
interest. And indeed the Cd atom has to be compressed
considerably to fit in a Ru, Os, or Re lattice, whereas only
little compression is necessary for Ti and no compression
for Zr and Hf. But as can be seen in Table IV there is also

TABLE 1IV. Atomic diameter (D), compressibility (8,) at 300 K, and electron density at the boundary of the Wigner-Seitz cell

(nws) of the hexagonal transition metals and Cd.

Ti Zr Hf Ru Re Os Cd
D (A 2.894 3.179 3.127 2.650 2.740 2.675 2.979
By (10~12 cm2/dyn) 0.931° 1.050° 0.918° 0.318° 0.272¢ 0.274 2.17°
nws (1072 electrons/a.u.?) 3.2f 2.5f 2.9f 6.5 6.5 6.7 2.008

"All data from W. Hume-Rothery, R. E. Smallman, and C. W. Haworth, The Structure of Metals and Alloys (Institute of Metals,

London, 1969).
YE. S. Fisher and C. J. Renken, Phys. Rev. 135, A482 (1964).

°E. S. Fisher and D. Dever, Trans. Metall. Soc. AIME 239, 48 (1967).

dC. P. Kempter, Phys. Status Solidi 8, 161 (1965).

°C. W. Garloud and J. Silverman, Phys. Rev. 119, 1218 (1960).
fA. R. Miedema, Philips Tech. Rev. 33, 157 (1973).

gJ. R. Chelikowsky, Phys. Rev. B 19, 686 (1979).
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a large difference in electron densities nwg at the boun-
dary of the Wigner-Seitz cell for Cd compared to Ru, Os,
and Re. During the alloying process this difference must
be smoothed out. Miedema et al.?? showed that nsg is.in-
versely proportional to the atomic volume. A compression
of the Cd atom to, for instance, the Os volume increases
nws to 2.76 10~2 electrons/a.u.’, insufficient to smooth
out the discontinuity. The Cd atom has to be compressed
further because charge transfer from Os to Cd is neglegi-
ble due to the higher electronegativity for Os as compared
to Cd. This strong compression of the Cd atom will prob-
ably rise the energy and increase the width of the d band
at the Cd site, invoking an increasing interaction with the
d electrons of Ru, Os, or Re atoms (Fig. 6). This interac-
tion is very likely responsible for the strong binding of the
Cd to the Ru, Os, or Re lattice and is probably of the ex-
change type due to overlapping d shells. The smaller
discontinuity of nwg for Cd in Ti, Zr, or Hf can be
smoothed out by charge transfer from Ti, Zr, or Hf to the
Cd atom. Therefore, the low energetic and well-localized
d electrons (small bandwidth, Fig. 6) do not interact with
the d electrons of the host lattice atoms, and consequently,
the binding of the Cd atom to the lattice is much weaker,
although it is not clear why it is so weak.
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