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Electric field gradients of Lu and Hf in Re

E. Hagn, M. Zahn, and E. Zech
Physi k Dep-artment, Technische Universitat Mii nchen, D 804-6 Garching, Federai Republic of Germany

(Received 30 December 1982)

The nuclear orientation technique has been applied to dilute '"Lu {j =7/2+;Tt~2=1. 37 yr) and
'7'Hf (j =5/2; Ttq2=70 d) nuclei in a hexagonal Re crystal, the activities being produced in situ

via the nuclear compound reaction ' ' Re(a, xnyp) at E~=172.5 MeV. From the y-ray anisotro-

pies at temperatures down to g mK the quadrupole interaction frequencies vt) =e qg/h of ' LuRe
and ' ~HfRe have been determined as —1149(100)MHz and —540(43) MHz, respectively. The elec-

tric field gradients (EFG's) are deduced to be eq(t.uRe) = —13.2(1.2) )& 10" Vjcm and

eq(HfRe) = —8.3(8)g 10' V/cm2. The negative sign in both cases indicates that the direction of the
EFG at the impurity sites is uniquely fixed by the properties of the host latti"e. The absolute magni-

tudes of these EFG's differ strongly from that of the pure system ReRe; they cannot be explained

satisfactorily with any correlation known at present.

I. INTRODUCTION

The electric quadrupole interaction of nuclei in noncu-
bic metals has been widely investigated in recent years.
From the measured quadrupole interaction energy e qQ ei-
ther the nuclear spectroscopic quadrupole moment Q or
the electric field gradient (EFG) eq can be determined if
the other corresponding quantity is known. Many experi-
ments have been done for a better understanding of the
EFG's in noncubic metals. This is due to the fact that no
theoretical model exists with which a large part of the
EFG data can be described properly. Only for a few cases
of simple nontransition metals has the theoretical descrip-
tion been performed successfully. ' A review, together
with all EFG data through 1980, is given in Refs. 2 and 3.
A list of quadrupole frequencies can be found in Ref. 4.

There exist, ho~ever, phenom enological models in
which the experimental findings are described. Raghavan
et al. ' proposed the so-called "universal correlation" be-
tween the total EFG, which can be measured, and the lat-
tice gradient, which can be calculated easily using lattice
sum methods. ' %'ith the decomposition of the total
EFG eq into an ionic part eq;,„andan electronic part eq, l,

% =&9ion+&9el y

eq;..=(1—r }eqlatt

~here y„is the Sternheimer antishielding parameter, this
correlation is given by

eq =(I+I&)(l—y„)eq„„,
el &'Pion s

E being a constant, which was empirically found to beE-—3. Small deviations due to the individual properties
of different impurity-host combinations should be taken
into account by a small correction eq, which is outlined in
detail in Ref. 6, the effect of which can also be taken into
account by allowing a small dependence of E on the spe-
rial impurity-host combination. According to this corre-
lation all EFG's for hexagonal metals would be expected

to be negative. The positive signs of the EFG's of Gd, Hf,
and a few impurity systems were viewed as "glaring ex-
ceptions*' for which "other sources of the EFG which nor-
mally play a secondary role should be of sufficient impor-
tance to create strong cancellation effects. "

Based on quadrupole interaction nuclear orientation
(QINO} measurements on ' LuLu, from which a large
positive EFG was found, Ernst et al. reexamined the data
leading to the universal correlation. They argued that, to
a first approximation, the trends of pure systems should
be viewed, and impurity systems should be regarded in a
second step. They suggested that Eq (2) h.olds for pure
systems, but the proportionality constant E should depend
on the atomic group:

E-—3 for group-IIb, -VIIb, and -VIIIb elements,

E-+2 for group-IIIb and -IVb elements .

No predictions concerning impurity systems had been
made in Ref. 9; especially, the sign of impurity-host sys-
tems, one belonging to group IIb, VIIb, or VIIIb and the
other to group IIIb or IVb, could not be predicted a priori.
Subsequent QINO measurements on ' HfLu (group IVb
in IIIb, Ref. 10), "ReLu (group VIIb in IIIb, Ref. 11),
and ' OsLu (group VIIIb in IIIb, Ref. 11) led to the pro-
posal that the sign of the EFG is fixed uniquely by the
sign of the EFG of the host lattice, independent of the
type of the impurity. " Here we report QINO measure-
ments on inverse systems, namely ' LuRe (group IIIb in
VIIb} and ' HfRe (group IVb in VIIb). The above-
mentioned proposal for the sign is again proved, but it will
be shown that the absolute magnitude of the EFG depends
strongly on the special type of the impurity-host combina-
tion, which has the consequence that such systems cannot
be described properly by a uniUersal correlation of EFG's.

II. NUCLEAR ORIENTATION

The low-temperature nuclear orientation technique
(NO) is quite apphcable for the measurement of magni-
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tude and sign of electric quadrupole splittings. The angu-
lar distribution of y rays emitted in the decay of oriented
radioactive nuclei is most conveniently written as'

W(8) = g Bk(hv~/ks T)AkPk(cos8)gk .
k even

(3)

The parameters Bk describe the degree of orientation; they
depend on the spin of the oriented state and on v~/T,
where

vie ——e qg/h (4)

is the usually quoted quadrupole splitting frequency and T
is the temperature of the system. The parameters Ak de-

pend on the characteristics of the nuclear decay; they are
products of the usual angular correlation coefficients Uk

and Fk, which, e.g., are tabulated in Ref. 13. The Pk(cos8)
are Legendre polynomials, 0 being the angle between the
quantization axis (here the c axis of the single crystal) and
the direction of observation. The Qk in Eq. (3) are solid-

angle correction coefficients; they are normally near unity.
In the high-temperature region, hv~ &&k~T, only the

k=2 contribution to Eq. (3) plays an essential role, as the
orientation parameter B4 is then much smaller than B2.
The B2(h v~ /k~ T) can be expanded in powers of
hv~/kz T, which yields

B2 cjh vg /kg T (5)

where cj is a positive constant depending on the spin j of
the oriented state. The y anisotropy is then given by

hvg
W(8) = 1 —cJA qP2(cos8)Q2

kgT
' (6)

III. SAMPLE PREPARATION
AND EXPERIMENTAL DETAILS

The first attempts to prepare dilute alloys of group-IIIb
and -IVb elements in group-IIb, -VIIb, and -VIIIb hexago-
nal crystals were performed by 20-kV mass-separator im-

which shows immediately that the magnitude and sign of
v& can be determined. Equation (6) shows that it is the
product A2v~ that can be determined most precisely from
a QINO experiment. For an absolute determination of eq
a precise value for the product Azg must be available.
This information can be obtained from a QINO experi-
ment with the same isotope in a host lattice for which the
EFG is known. The ratio of the corresponding y anisotro-
pies yields the ratio of the EFG's:

W "(8)—1 (Are qQ) eq"'
(7)8' '(8) —1 (A2e qg) ' eq' '

This means that a detailed knowledge of the single quanti-
ties A2 and Q is not necessary. Equation (7) holds exactly
for the high-temperature range, where the k=4 terms can
be neglected and the linear dependence of B2 on hv~/kq T
is a good approximation. For lower temperatures, where
the latter conditions are not fulfilled, the ratio eq'"/eq' '

can be determined as a function of the nuclear parameters.
It is found that this ratio remains nearly constant, at least
for reasonable variations of the nuclear parameters, thus
allowing a precise determination of the ratios of EFG's.

plantation of ' Lu (j =7/2+, T&&2
——6.7 d) into single

crystals of Lu, Re, and Os. As the y anisotropy of the
mass-separator-implanted ' LuLu sample was found to be
much smaller than the y anisotropy of a ' LuLu sample,
the activity being prepared in situ via the (n, y) nuclear re-

action, it was concluded that the quadrupole splittings
measured for ' LuRe and ' LuOs did not represent the
correct bulk-material value. ' Therefore, keeping in mind
that the nuclear orientation technique is not restricted to
special isotopes (in principle, each radioactive isotope with

j& 1 and a sufficiently long half-life is suitable), an in situ
preparation with an appropriate nuclear reaction was
viewed more promising.

A sample that contained activities of "Lu (j =7/2+,
T&&2 ——1.37 yr) and ' Hf (j =5/2, T&&2

——70 d) was
prepared in the following way: From a rhenium single-
crystal rod, purchased from MRC, a disk with about 6
mm diameter and a thickness of -0.2 mm was spark-cut.
The crystal c axis was oriented perpendicularly to the disk
plane, the accuracy of the orientation being -1'. The sur-
faces of the crystal were mechanically and electrolytically
polished. This crystal was irradiated with 172.5-MeV a
particles for 30 min with a mean current of 4 pA at the
cyclotron in Julich. At this beam energy the following nu-

clear compound reactions take place:

Re(a, xn yp), x +y & 12 .
(In principle, for the production of proton-deficient nuclei,
irradiation with protons or deuterons would be more
favorable; p or d beams with a sufficiently high energy
were, however, not easily available. } After the short-lived
activities had been allowed to decay for 2 weeks, the crys-
tal was annealed at T-2000'C for 2 h in vacuum ( & 10
Torr). It was then ultrasonically soldered to the cold
finger of an adiabatic demagnetization cryostat, the details
of which are described in Ref. 15. For thermometry a

CoCo(hcp) single-crystal sample (c axis perpendicular to
the disk plane) was GaIn-soldered to the other side of the
cold finger. %ith CrK alum as the cooling salt the
sources were cooled to a final temperature of —11 mK.
An external magnetic field of 1 kG was applied to estab-
lish a good thermal conductivity of the soldered joints.
During two warm-up periods from 11 to -20 mK y-ray
spectra were measured with two coaxial Ge(Li) detectors
that were placed at 0' and 90' with respect to the c axes of
the single crystals. Every 1000 seconds the spectra were
recorded onto magnetic tape. For normalization, spectra
were measured before and after the cold periods. The fi-
nal analysis was done with a Digital Equipment Corpora-
tion PDP11/45 computer. The peak intensities were
determined with least-squares fits assuming a Gaussian
line shape with an exponential tail and a background that
was constant, linear, quadratic, and error-function-like. '

After a further decay period of 9 weeks a second experi-
ment was performed, first, to improve statistical accuracy,
and second, in order to check whether temperature gra-
dients were present between the cold finger and the Re
crystal. In this experiment a lower final temperature of 8
mK was obtained because of the smaller radioactive heat-
ing, and a temperature gradient, if present, should have
been smaller. Both experiments yielded consistent results,
however, thus excluding the existence of a temperature
difference between the Re crystal and the CoCo(hcp)
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thermometer. (Because of the known good soldering prop-
erties of Co a temperature gradient between the cold finger
and the Co thermometer can be excluded. )

Figure 1 shows a y-ray spectrum measured at the begin-
ning of the second experiment. The assignment of the y-
ray lines to the corresponding isotope was performed with
two independent methods: first, via the y-ray energy,
which could be determined to —+0.2 keV (the y-ray ener-
gies of all isotopes are tabulated in Ref. 17), and second,
via the half-life connected with the different y-ray lines.
(The half-lives were determined by analyzing the time
dependence of the y-ray intensities of "warm" spectra
measured before and after the demagnetizations and, for
lang-lived isotopes, of "warm" spectra measured over a
period of several months. ) In addition to the 7-ray lines
arising from the decays of ' Lu (E=272 keV) and ' Hf
(E=343 keV) there are many y-ray lines originating from
isotopes of which the quadrupole splitting in Re has been
known, e.g., ' Re and ' Re. The corresponding y aniso-
tropies were also analyzed. All errors quoted for our re-
sults include, in addition to the statistical error, a sys-
tematic error, which has been estimated from the reprodu-
cibility of our QINO measurements.

IV. RESULTS

A. »3LuRe

A simplified decay scheme of ' Lu is illustrated in Fig.
2. Only the 272-keV y-ray line could be detected in both
experiments with moderate statistical accuracy. [The 79-
keV y rays are strongly absorbed by the cryostat. At
E-100 keV several y-ray lines were present, originating
from other isotopes. In spectra that were accumulated for
2 d the 171-keV transition could be resolved with the
correct ratio of intensities I(173)/I(272) =0.14 (Ref. 17).]
Figure 3 shows the y anisotropy of the 272-keV transition
versus 1/T. The Ak coefficients are known experimentally
from "magnetic" NO measurements on ' Lu in ZrFe2..
Aq ———0.25(2) and A4 ——0.0(2). ' Taking these values into
account, the least-squares fit yields (in MHz)

vQ(' LuRe) = —1149(100) .

7/2' 1.4 yr

173

,
LU

7/2' 35

9/2 179

3

7/2 ~ ~, 7
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3S%

oj

173
70

FIG. 2. Simplified decay scheme of ' Lu.

The solid line in Fig. 3 represents the corresponding
theoretical curve.

g. »~HfRe

In the decay of '7 Hf (see Fig. 4) one strong y transition
with an energy of 343 keV takes place (absolute intensity
86.9 lo). The y anisotropy is shown in Fig. 5. As outlined
in detail in Sec. II, it is the product A2v& that can be
determined most precisely from QINO measurements.
The solid line in Fig. 5 represents the result of a least-
squares fit utilizing Eq. (3), from which

A&vQ(" HfRe) =+83.7(3.0)

is obtained (in MHz), taking into account realistic esti-
mates for A4 according to the decay properties of ' Hf
[5(343)= —0.26(3) (Ref. 19); the tensor rank of the P tran-
sition to the 343-keV level is L=1 with admixtures of
L =0 and L =2 components]. It should be noted that the
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FIG. 3. ' 'LuRe y anisotropy of the 272-keV transition mea-
sured at 8=0' vs 1/T.
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FIG. 4. Simplified decay scheme of '"Hf.

uncertainty due to the unknown P-decay matrix elements
via the k=4 term in Eq. (3) is negligibly small. As the A&

coefficient is known from "magnetic" NO measurements
of ' Hf in ZrFeq only imprecisely because of a small y an-

isotropy, A &
———0.169(24) (Ref. 20), we use the results of a

QINO measurement on ' 'HfHf by Kaindl et al." for
further analysis. In Ref. 21 only the result for v~ is quot-
ed [vg ——980(100) MHz], the error being relatively large
because of the uncertainty of Az. The product Azv~ is,
however, again more precise. Taking into account the
data of Ref. 21, we derive Aqvg (' HfHf)= —94.7(5.0)
MHz. The larger error in this quantity is partly due to the
fact that the linear dependence of Bq on vg of Eq. (5) is a
worse approximation for positive vg than for negative vg.
(This is due to a partial cancellation of higher-order con-
tributions in the Taylor series, which depends on the sign
of v~.) The ratio of EFG's is now given by the ratio of
Apvg.

Azvg(' HfRe) eq('7 HfRe) = —0.88(8) .
Aqvg(' 'HfHf) eq(' HfHf)

The EFG of HfHf can be deduced from a Mossbauer
effect measurement on the 2+ state of ' Hf in Hf.
With vg('7sHfHf) = —443(15) MHz (Ref. 22) and
Q'~ '('7sHfl= —1.95(2) b (Ref. 23) one gets eq(HfHf)
= + 9.38(32))&10' V/cm . With these data the EFG of
HfRe is now deduced to be

eq(HfRe) = —8.3(8)X 10'

in V/cm .

C. Other isotopes

As can be seen from the y-ray spectrum of Fig. 1

several other isotopes were produced in the'"'" Re(a, xn yp) reaction. The corresponding quadru-

pole splittings are listed in Table I. The results for
ReRe and ' TaRe yield, taking into account the

known EFG's, quadrupole moments that agree well with
predictions from the rotational model. (These quadrupole
splittings were not known before. ) The results for

ReRe agree within 1 standard deviation with the ex-

perimental values of Ref. 24 (column 5 in Table I). The
quadrupole splitting of ' ReRe is smaller than that of
Ref. 24, but agrees with the expectation, taking into ac-
count the ratio of quadrupole moments
Q('s Re)/Q (' sRe) measured recently by optical hyperfine
spectroscopy.

V. DISCUSSION

As the quadrupole splittings measured for ' Ta and
Re agree well with either the expectation

from a nuclear physics point of view or with data already
known, we conclude that the quadrupole splittings derived
for ' LuRe and ' HfRe can reliably be ~ised to derive the
corresponding EFG's.

In the case of ' Lu the quadrupole moment is not
known experimentally. A precise estimate is obtained in

the following way: It is well known that the ground states
of ' ' ' Lu can be described by a j K(Nn, A)

TABLE I. Electric quadrupole splittings in Re.

Isotope

178T
182mR

183Re

'~Re
186R

1+
7+

5/2+
3
1

T1/2

9.3 min
64 h
71 d
38 d

90.6 h

vg (MHz)

—103(10)
—502(30)
—281(20)
—340(22)
—73(7)

v~ (MHz)
(Ref. 24)

—262(24)
—390(33)
—104(14)
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=7/2+7/2 [404] Nilsson configuration (Ref. 26 and refer-
ences therein). For stable ' Lu the spectroscopic ground-
state quadrupole moment is known from muonic x-ray
spectroscopy to be Q= + 3.49(2}b.27 For '7'Lu and '77Lu

optical hyperfine spectroscopy data are available.
With the ratio B(' Lu)/B(' Lu)=0.97051(8) the
ground-state spectroscopic quadrupole moment of ' Lu is
calculated to be Q=+ 3.39{2) b. The extrapolation to
'73Lu leads to Q(' Lu}= + 3.6(1) b, the error being ad-
justed sufficiently large that the uncertainty due to the dif-
ferent nuclear deformations of these isotopes is taken into
account. All these quadrupole moments agree well with
the expectation for a rigid rotator,

j(2j —1)
(8)(j+1)(2j+3) '

where Qo is the intrinsic quadrupole moment known
from, e.g., B(E2) transition probabilities. 23'M Taking now
Q(' Lu) = + 3.6(1) b, we find

eq (LuRe) =—13.2(1.2) X 10'

in units of V/cm .
For ' Hf a precise knowledge of the quadrupole mo-

ment is not necessary to derive the EFG, as was shown in
Sec. IV B. Here we want to mention that the quadrupole
moment of '7sHf derived in Ref. 21, Q= + 2.7(4) b, is also
in good agreement with the expectation.

In Table II the quadrupole splittings of a series of ele-
ments as impurities in Lu and Re are compiled, together
with most recent data for the quadrupole moments of the
states involved. {Some of these quadrupole moments
differ seriously from the usual tabular values as, e.g.,
given in Ref. 4.) All EFG's that are listed in column 5 of
Table II, follow the sign rule of Ref. 11: The sign of the
EFG is fixed uniquely by the host lattice. The absolute
magnitudes, ho~ever, show considerable variations. This
can be seen in Fig. 6, where the total EFG's are plotted as
function of Z, where Z is the number of outer electrons of

TABLE II. Electric quadrupole splittings and EFG s in Lu and Re host lattices.

System

LuLu
'75HfLu

"'TaLu
'82ReLu
'83OsLu

'93Irl.u
'"AuLu

7/2+
5/2
5/2+
2+

9/2+
3/2+
3/2+

Q (b)

+ 3.39(2)'
+ 2.7(4)
+ 2.35(6)'
+ 1.8(2)
+ 2.8(4)'
+ 0.78(3)f
+ 0.547(16)I

v~ (MHz)

+ 294(37)
+ 364(24)"

302.8(1.6)'
+ 311(24)"
+ 403(20)"

281(3)~
+ 300(3)1

eq (10' V/cm )

+ 3.6(5)
+ 5.6(9)

(+ )5.33(14)
+ 6.6(6)
+ 6.0(6)

(+ )14.9(6)
+ 22.7(7)

LuRe
'"HfRe
181TaRe

'87ReRe

OsRe
IrRe

'97AuRe
'" HgRe

7/2+
5/2
7/2+
5/2+
2+

3/2+
3/2+
13/2+

+ 3.6(1)"
+ 2.7(4)b

+ 3.28(6)'
+ 2.09(4)'
—1.63(3)R

+ 0.78(3)
+ 0.547(16)1'

+ 1.47(13)'

—1149(100)'
—540(43)'
—520(5)'
—255.2(5)'
+ 151(13)"
—76(7)~
—43(17)1

—110(15)"

—13.2(1.2)
—8.3(8)"
—6.56(14)
—5.05(5)
—3.83(34)
—4.0(4)
—3.3(1~ 3)
—3.1(5)

'Recalculated with the data of Refs. 27—29; see also text.
Reference 21.

'Recalculated with v&~ '("'TaRe)=( —)372(4) MHz (Ref. 31), v~ '("'TaRe) = —520(5) MHz (Ref.
32), and g" = + 3.28(6) b (Ref. 33).
Reference 24; recalculated with eq(ReRe) = —5.05(5)X 10' V/cm (see row 11) instead of
—4.87(15)y 10' V/cm
'Reference 34.
Reference 35.

~Reference 36.
"See text.
'Reference 33.
"Average value; see Ref. 37.
'Reference 38.

Reference 9.
"Reference 11.
'Reference 41.
1'Reference 39.
Reference 40; value quoted in Ref. 4.

'This work.
'Reference 32.
'Reference 42.
"Reference 43.
"Reference 44.
"Deduced from the ratio eq(HfRe)/eq(HfHf ); see text.
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FIG. 6. Total EFG s eq of different impurities in Lu (top)
and Re (bottom) vs Z, where Z is the number of "outer" elec-
trons. Open circles represent data for which the sign is not
known experimentally. For these cases the sign is predicted.
The dashed curves indicate the trend.

the impurity atoms. The dashed curves indicate the trend.
A decomposition of the total EFG's into the ionic and

electronic contributions, eq;,„=(1—y„)eq),«and eq, ),
respectively, is given in Table III. Here the lattice gra-
dients eq~,«have been calculated with the known lattice
parameters of Lu and Re (Ref. 45) and the Sternheimer
factors have been taken from Refs. 46—48. The systemat-
ic behavior of eq, ~

and the ratio E =eq,&/eq;,
„

is illustrat-
ed in Figs. 7 and 8. The following discussion is given
separately for the cases Lu and Re as the host lattice.

FIG. 7. Electronic contribution eq, I to the EFG for different
impurities in Lu (top) and Re (bottom). Open circles represent
data for which eq, I has been deduced from EFG's, the sign of
which is not known experimentally. The solid lines are results
from least-squares fits assuming a linear dependence on Z,
where Z is the number of "outer" electrons of the impurity
atoms.

A. XLu

The electronic contribution eq, ~
for different impurities

in Lu (upper part of Fig. 7) for 3&Z &8 seems to be
linearly dependent on Z. A least-squares fit yields
eq,&(Z=O}=1.0(8}X 10" V/cm and d (eq,&)/dZ
= +0.6(2)X10' V/cm2 (solid line in Fig. 7). Such a
dependence could be understood, as in a naive model the
electronic field gradient should be proportional to the

TABLE III. Total EFG eq ionic and electronic contributions, eq;,„andeq, I, respectively, the ratio K
of electronic to ionic contribution for different impurities in Lu and Re host lattices. The field gra-
dients are given in units of 10"V/cm'.

System

LuLu
HfLu
TaLu
ReLu
OsLu
IrLu

AuLu

eq

+ 3.6(5)
+ 5.6(9)

(+ )5.33(14)
+ 6.6(6)
+ 6.0(6)

(+ )14.9(6)
+ 22.7(7)

62
69
62

45—51
47

41—44
39—73

eqion

+ 1.36
+ 1.51

+ 1.36
+ 1.1(1)
+ 1.02
+ 1.0( 1 )

+ 1.3(4)

eqeI

+ 2.2(S)
+ 4.1(9)

[+4.0(2)]
+ 5.5(7)
+ 5.0(6)

[+ 13.9(7)]
+ 21.4(1.1)

1.6(4)
2.7(6)
2.9(2)
5.0(8)
4.9(6)

13.9(1.6)
16.5(5.1)

LuRe
HfRe
TaRe
ReRe
OsRe
IrRe

AuRe
HgRe

—13.2( 1.2)
—8.3(8)
—6.56(14)
—5.05(5)
—3.8(3)
—4.0(4)
—3.3(1.3)
—3.1(5)

62
69
62

45—51
47

41—44
39—73

61

+ 2.54
+ 2.81

+ 2.54
+ 1.9(2)
+ 1.91
+ 1.7(1)
+ 2.3(7)
+ 2.49

—15.7( 1.2)
—11.1(8)
—9.1(2)
—7.0(2)
—5.7(3)
—5.7(5)
—5.6(2.0)
—5.6(5)

—6.2(5)
—4.0(3)
—3.6(1)
—3.7(4)
—3.0(2)
—3.4(4)
—2.4(1.1)
—2.2(2)
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FIG. 8. Ratio K =eq,~/eq;, „ofelectronic to ionic contribu-

tions to the total EFG for different impurities in Lu (top) and

Re (bottom) vs Z, where Z is the number of the "outer" elec-

trans of the impurity atoms. The solid lines are the results of
least-squares fits, assuming a linear dependence on Z.

B. XRe

The electronic field gradients for different impurities in
Re are shown in the lower part of Fig. 7. Here the
behavior is different: The absolute value of eq, ~

decreases
with increasing Z, which cannot be understood in terms of
the above-mentioned model of an electronic field gradient

number of electrons producing this gradient, i.e., the num-

ber of "outer" electrons. The electronic field gradients for
IrLu and AuLu are much larger than expected from the
extrapolation, assuming the linear dependence on Z, as
can be seen from Fig. 7. At present we cannot state if the
EFG data for IrLu (Ref. 39) and AuLu (Refs. 40 and 4)
actually represent the "dilute-impurity" value, as both al-

loys were prepared by melting, and reliable metallurgical
data for the solubility of Ir and Au in Lu are not available.
{It could be possible that intermetallic compounds are
formed in the melting steps for which the EFG may be
quite different from that of a "dilute-impurity" sample. )

For the proportionality constant K between eq, ~
and

eq;, „

the data are also consistent with a linear dependence
on Z, as can be seen in the upper part of Fig. 8. Here the
data for IrLu and AuLu have been omitted because of the
reasons mentioned before. A least-squares fit yields
E(Z=O) = —0.4(6) and dlt /dZ=0. 68(13).

A similar linear behavior of K with the impurity
valence Z' has been observed for different impurities in a
Zn matrix. ' (The discrepancy for HgZn, which was

due to an erroneous quadrupole moment used for the
derivation of the EFG, has been removed now. ' ') Re-
cent measurements of the EFG of AgZn by van Walle
et al. support the linear dependence of K on Z also.
Thus one could get the impression that a linear increase of
the electronic field gradient with Z could be a general ef-
fect. The data of XRe that are discussed in the following
section contradict this assumption.

proportional to the number of "outer" electrons, according
to which the opposite behavior would be expected. For
4 &Z & 8, . . . , 11 the data are consistent with a linear de-
crease of

~
eq, ~ ~

as a function of Z. Taking into account
the data for 4 &Z & 11, a least-squares fit yields
eq,~(Z=O) =14.2(8) X 10' V/cm and d

~
eq, ~ ~

/dZ
= —1.0(1))(10' V/cm . Thus one could get the impres-
sion that eq, ~

now depends (almost linearly) on the number
of missing electrons or electron holes.

The almost constant electronic field gradient for
8 &Z & 12 might, in principle, be understandable, because
the number of "outer" electrons is clearly different from
the valence of the impurity atoms, and s-wave —like elec-
trons will not give a contribution to eq,&. On the other
hand, the concept of a pure valence as, e.g., used by
Raghavan et al. , according to which Z'=4 would be ex-

pected for Hf and Os, is ruled out by the present data, as

eq, ~
differs by a factor of -2 for HfRe and OsRe.

The dependence of K(XRe) on Z is shown in Fig. 8.
The data for 4&Z & 12 are again consistent with a linear
dependence of K on Z, with parameters K (Z =0)
= —4.4(3) and d~K~/dZ= —0.18(5). The absolute value of
the ratio of electronic and ionic field gradients decreases
with increasing Z. Raghavan and Raghavan proposed a
refined correlation between the electronic and ionic field
gradients, according to which K should be constant for
impurities with the same nominal valence; our experimen-
tal data contradict this proposal.

For LuRe the absolute magnitudes of the electronic
field gradient and hence also of K are much larger than
expected from the systematics. Metallurgical problems
cannot be the origin, as the LuRe sample has been

prepared in situ with a nuclear reaction, the concentration
of Lu being below the ppm level. On the other hand, we
cannot exclude that Lu may occupy interstitial lattice sites
in the Re single crystal, as the atomic radii are strongly
different. In this case a non-axially-symmetric field gra-
dient could act on the impurity nuclei, depending on the

type of the interstitial sites. Such a situation can be
detected with nuclear orientation on an isotope in the de-

cay where L =1 and L =2 y transitions take place via the
observable fact that a nonaxiality of the EFG causes the
ratio of the 0 and 90' anisotropies to be different for y
transitions with different multipolarities, the decisive pa-
rameter being the ratio of Ak coefficients, i.e., A4/A2. In
the present case this feature could not be utilized; only one

y transition could be measured with reasonable accuracy,
which, in addition, had a vanishing A4 coefficient.

VI. CONCLUSIONS

Our experiments have shown that the in situ prepara-
tion of radioactive impurities in hexagonal single crystals
is a good technique to produce highly dilute samples well

suited for the systematic study of the quadrupole interac-
tion in noncubic metals. Elements with a proton number
smaller than that of the single-crystal target can be pro-
duced by bombardment with light particles at high ener-

gies. The use of high-energy protons will probably allow
the production of impurity-hast combinations that are
hardly accessible with other techniques.
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The EFG's deduced in the present work together with
data from other measurements show some systematic
behavior: (1) The sign of the EFG is fixed uniquely by the
properties of the host. (2} For chains of different impuri-
ties in the same host lattice there is a smooth variation of
the electronic field gradient; within some limits (which
cannot be specified precisely at present) there seems to be
a linear dependence of eq, ~

and/or eq,~/eq;, „onthe elec-
tron number of the impurities. (3) There is no "universal"
correlation describing the experimentally known EFG
data in detail.
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