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Perturbed angular correlation �PAC� spectroscopy has been used to investigate the electric field gradient
�EFG� at the probe nucleus 111In/ 111Cd in the paramagnetic phase of the rare earth �R�–aluminium compounds
RAl2 for all R elements and Y and in RAl3 for R=Gd,Tm,Yb,Lu. The nuclear electric quadrupole interaction
�QI� between the EFG and the 111Cd quadrupole moment was measured as a function of temperature in the
range TC�T�1200 K. In the second half of the RAl2 series and in the RAl3 compounds, except for YbAl3, the
quadrupole frequency �q shows the monotonous decrease with increasing temperature normally observed with
closed-shell probe nuclei in metallic systems. In the early members of the RAl2 series, however, �q�T� passes
through a maximum at T�300 K. It is proposed that this unusual behavior reflects a contribution of the 4f
shell of the R constituents to the EFG at the Al site which is quenched at higher temperatures by thermal
averaging of the 4f quadrupole moment. In the intermediate-valence compound YbAl3 the temperature depen-
dence of the QI exhibits a shallow maximum which can be related to the temperature variation of the 4f hole
occupation. Furthermore the PAC spectra provide information on the site preference of the 111In solutes in
RAl2 for different R constituents and temperatures. In two-phase samples containing RAl2 and RAl3 with
AuCu3 structure, at T�900 K the solutes show a very pronounced preference for the Al site of RAl3, but at
higher temperatures they migrate to the Al site of RAl2. Jumps of the 111In/ 111Cd probes on the Al sublattice
of RAl3 compounds with AuCu3 structure �R=Tm,Yb,Lu� lead to nuclear spin relaxation of 111Cd. The
temperature dependence of the relaxation rates shows an Arrhenius behavior with jump activation enthalpies
EA=1.6�1� eV for R=Tm, Lu and EA=1.2�1� eV for R=Yb.
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I. INTRODUCTION

Measurements of magnetic and electric hyperfine interac-
tions �HFIs� of suitable probe nuclei may provide valuable
information on the properties of intermetallic compounds.1,2

Magnetic hyperfine interactions reflect the spin polarization,
electric quadrupole interactions �QIs� the charge distribution
surrounding the probe nucleus. We are presently engaged in
a comprehensive perturbed angular correlation �PAC� study
of magnetic and electric HFIs of non-rare-earth solutes in
intermetallic compounds of the rare earths La to Lu. Re-
cently, we have investigated3,4 indirect exchange, anisotropic
spin polarization, and crystal field parameters in magneti-
cally ordered rare earth �R� dialuminides RAl2 by measure-
ment of the magnetic hyperfine field at the nuclear probe
111Cd.

In the present paper, we report an extension of this project
to the electric quadrupole interaction between the 111Cd
quadrupole moment and the electric field gradient �EFG� in
the paramagnetic phase of the C15 Laves phases RAl2.
Mishra et al.5 have reported the values of the room tempera-
ture EFG at 111Cd on the axial Al site of various rare earth
dialuminides RAl2. We have extended the measurements of
Mishra et al.5 to the entire RAl2 series and determined the
temperature dependence of the QI of 111Cd in RAl2 for all
trivalent R=La¯Lu and Y. �Note: For a recent overview of
the binary rare earth Laves phases see Ref. 6�.

One of the questions addressed by these measurements
concerns the influence of the 4f electrons on the EFG at
nuclei on near-neighbor sites in metallic systems. Although
the 4f electrons are well shielded by the outer 5d and 6s

electrons, there are indications7 that their nonspherical
charge distribution affects the EFG at near-neighbor posi-
tions and it has been pointed out by Rasera et al.8 that such
an influence might show up in the temperature dependence
of the EFG.

The measurements also provide some information on the
valence of the R constituents and evidence for temperature-
induced changes of the site occupation of the 111In/ 111Cd
solutes from the noncubic Al site to the cubic R site of the
C15 lattice of RAl2. Temperature and composition driven
changes of the site occupation of 111In in R-Al and Ni-Al
phases and two-phase mixtures of Pd-Ga and Fe-Al interme-
tallic compounds have recently been reported by Collins and
co-workers.9–11 Similar studies for 111In and 181Ta in Hf and
Zr dialuminides are due to Wodniecki et al.12

In samples of TmAl2 and YbAl2 containing minute
amounts of the corresponding RAl3 compound we found an
extreme preference of the 111In solutes for the Al site of RAl3
over that of RAl2. This observation motivated an extension
of the measurements to the QI of 111Cd in the trialuminides
RAl3, R=Tm, Yb, and Lu which crystallize in the cubic
AuCu3 structure. In this part of the study we compare the
temperature variation of the EFG in YbAl3 to that in its
neighbors TmAl3 and LuAl3. YbAl3 exhibits intermediate-
valence behavior13,14 with a temperature variation of the 4f
hole occupation number resulting from the near degeneracy
of the trivalent 4f13 and the divalent 4f14 configuration,
whereas in TmAl3 and LuAl3 the R constituents are trivalent.

Time-dependent QIs caused by diffusion jumps of the
111Cd probes on the Al sublattice were observed in RAl3; R
=Tm,Yb,Lu at T�800 K. The activation enthalpies of the
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diffusion jumps were derived from the temperature depen-
dence of the resulting nuclear spin relaxation.

II. EXPERIMENTAL DETAILS

A. Sample preparation and equipment

The compounds were prepared by arc melting of the me-
tallic components in an argon atmosphere. Samples of RAl2
with the stoichiometry ratio 1:2 were produced for the rare
earth constituents R=La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, and Y. Only samples for which the
weight loss by melting was less than 1% were studied. The
samples were characterized by x-ray diffraction. In all cases,
the x-ray pattern confirmed the C15 structure with lattice
parameter in agreement with the values reported in the lit-
erature. It is important to stress that contributions of other
phases of the R-Al system, especially of RAl3, were at the
limit of detection ��5% �. In the case of EuAl2, a small
contribution of EuAl4 was present.15,16

For the identification of surprisingly high frequencies ob-
served in RAl2 at the end of the R series �R=Tm and Yb� the
investigation of the 111Cd QI was extended to some RAl3
compounds. Within this series the structure varies with the R
constituent: For R=Tm, Yb, and Lu, RAl3 compounds crys-
tallize in the AuCu3 structure. The SnNi3 structure is found
for R=Ce, Pr, Gd and the BaPb3 structure for R=Tb, Y.
�Note: Recently, Tsvyashchenko et al.17 have shown that dif-
ferent structures may result when the compounds are synthe-
sized under high pressure�. X-ray diffraction measurements
established that the RAl3 compounds of main interest in the
context of our study �R=Tm, Yb, and Lu� were almost single
phase with contributions of RAl2 not exceeding 15%.

The 171–245 keV PAC cascade of 111Cd is populated by
the electron capture decay of the 2.8d isotope 111In. The
intermediate state of the cascade has a half-life of T1/2
=84 ns; its spin is I=5/2. The samples were doped with
111Cd by diffusion in vacuum �800 °C, 12 h� of carrier-free
radioactive 111In into the host lattice.

The PAC measurements were carried out with a standard
four-detector BaF2 setup in the temperature range 10 K�T
�1273 K. Temperatures T�290 K were obtained with a
closed-cycle He refrigerator, whereas temperatures T
�290 K were produced with an especially designed PAC
furnace.18 For the high temperature measurements, the
samples were encapsulated under vacuum into small quartz
tubes.

B. Data analysis

The modulation in time of a �-� angular correlation by a
static electric quadrupole interaction between the electric
quadrupole moment Q of the intermediate state and an elec-
tric field gradient acting at the nuclear site can be described
by the perturbation factor19

Gkk�t;�q,�,	� = sk0 + 
nskn cos��nt�exp�− 1/2	�nt� . �1�

The hyperfine frequencies �n are related to the energy
differences of the hyperfine levels into which the nuclear
state is split by the QI. These frequencies depend on the

quadrupole frequency �q=eQVzz /h and the asymmetry pa-
rameter �= �Vxx−Vyy� /Vzz where Vii=	2V /	i2 �i=x ,y ,z� are
the principal-axis components of the EFG tensor with �Vxx�
� �Vyy�� �Vzz�. In polycrystalline samples the amplitudes skn
are functions of � only. The number n of terms in Eq. �1�
depends on the spin of the nuclear state under consideration.
For I=5/2 one has n=3. The exponential factor accounts for
possible distributions of the static QI caused by structural or
chemical defects, which lead to an attenuation of the oscil-
latory PAC pattern. The parameter 	 is the relative width of a
Lorentzian distribution.

When several fractions of nuclei subject to different hy-
perfine interactions are found in the same sample, the effec-
tive perturbation factor is given by

Gkk�t� = 
i f iGkk
i �t� . �2�

f i �with �i f i=1� is the relative intensity of the ith fraction.
For sites with vanishing QI the angular correlation is unper-
turbed and one has Gkk�t�=1.

In the present investigation both static and time-
dependent EFGs were observed. Time-dependent QIs in sol-
ids are in many cases the result of atomic motion. The effect
of the nuclear spin relaxation caused by jumping atoms on
the angular correlation is most appropriately described by
Blume’s stochastic theory.20,21 For the analysis of the dy-
namic perturbations observed in RAl3, we have used an ap-
proximation of the Blume theory with a single relaxation
parameter �k as follows:

Gkk�t� = kk�t�exp�− �kt� . �3�

The validity of this approximation, the form of the func-
tion kk�t�, and the relation between the relaxation parameter
�K and the jump rate w are discussed in Refs. 22 and 23.

III. MEASUREMENTS AND RESULTS

A. Quadrupole interactions of 111Cd in RAl2

Figure 1 presents the room temperature �RT� PAC spectra
of 111Cd in RAl2 for R=La, Sm, Eu, Gd, Tb, and in YAl2.
The spectra show the periodic modulation of the anisotropy
with time characteristic for an axially symmetric QI. The
quadrupole frequencies were extracted by fitting Eq. �1� to
the measured spectra. In all cases the asymmetry parameter
was ��0.05, the width of the Lorentzian frequency distri-
bution 	�0.02. The RT values of the quadrupole frequencies
listed in Table I agree with those reported by Mishra et al.5

Except for EuAl2, up to R=Tb the measured spectra could be
reproduced by a single fraction implying that all probe nuclei
reside on the axial Al site.

In the case of EuAl2 one observes a slowly decreasing
anisotropy which shows that here the QI is much weaker
than in the other RAl2. By taking PAC spectra of 111Cd in
EuAl4, the fast oscillation of small amplitude superimposed
on the weak decay of EuAl2 could be identified as an admix-
ture of EuAl4. The QI of 111Cd in EuAl4 is axially symmetric
��q=89.3 MHz, �=0 at 300 K�, consistent with the body
centered tetragonal BaAl4 structure type.15,16 Although there
are two Al sites24 in EuAl4 we observed a single, well-
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defined quadrupole frequency �	�0.02� which suggests a
pronounced preference of the 111In/ 111Cd solutes for one of
these sites.

The 111Cd PAC spectra at the end of the RAl2 series �see
Fig. 2� differ from those in the earlier members in two as-
pects:

�i� There is a tendency toward occupation of the cubic R
site which becomes manifest in a vertical shift and reduced
amplitude of the periodic modulation �see the spectra of
R1.03Al2, R=Dy,Er,Tm,Yb,Lu in Fig. 2�. This tendency is
most pronounced at the end of the R series: In stoichiometric
LuAl2, the PAC spectrum at 300 K showed a slow decrease
of the anisotropy with—if at all—only a very small periodic
modulation indicating that practically all probe nuclei are
subject to a frequency distribution centered close to fre-
quency zero. This is clear evidence for the occupation of the
cubic R site at which the QI is expected to vanish �perturba-
tion factor Gkk

R �t�=1�. The observation of a weak rather than
zero QI can be attributed to nearby point defects.

The R site occupation could be reduced by allowing a
slight R excess ��3% �. At the end of the RAl2 series, the
temperature dependence of the QI of the Al site was there-
fore measured with samples of the composition R1.03Al2. The
spectra were analyzed by allowing up to three components
with different QI parameters. The quadrupole frequencies
and fractions derived from the room temperature spectra of
R1.03Al2, R=Dy,Ho,Er,Tm,Yb,Lu are listed in Table II.

�ii� For R=Tm and Yb, the QI of 111Cd in stoichiometric
RAl2 was found to be substantially stronger than expected
from the variation of the quadrupole frequency with the R
constituent �see Table I�: For R=Ho,Er one has �q
=55.7�2� MHz and one would expect a similar value at least
for TmAl2. The first measurements for R=Tm and Yb, how-
ever, gave RT frequencies of �q�83 MHz and �q
�71 MHz, respectively, an increase—relative to ErAl2—of
almost 50% clearly visible in Fig. 2. For R=Lu, this high
frequency component was not observed. By measurements
of the QI of 111Cd in RAl3 �see Sec. III C� the high frequen-
cies found in RAl2, R=Tm and Yb could be identified as
those of the respective RAl3 compounds.

In the x-ray diffraction �XRD� pattern of stoichiometric
RAl2, contributions of RAl3 were barely detectable ��5% �.
The relative intensities of the RAl3 frequencies in TmAl2 and
YbAl2, however, exceed 70% �see Table II� from which
one may infer that—given the opportunity in two-phase
samples—111In solutes strongly prefer RAl3 compounds with
AuCu3 structure over the corresponding C15 RAl2 Laves
phases.

The TmAl3 component in the TmAl2 spectra could be
strongly suppressed by a slight Tm excess �see Fig. 2�. In
Tm1.03Al2, only 16% of the probes experience the high
TmAl3 frequency, but �60% are now subject to a frequency
�q=54.8 MHz which fits well into the trend of the QI ob-
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FIG. 1. Room temperature PAC spectra of 111Cd in the Laves
phases YAl2 and RAl2.

TABLE I. Quadrupole frequency �q of 111Cd in rare earth

dialuminides RAl2; R=Y–Tb at 300 K. −�
	 ln �q�T�

	T �400 K is the coef-
ficient of the linear temperature dependence at T�400 K.

Rare earth R �q �MHz�
−�

	 ln �q�T�

	T �400 K

�10−4 K−1�

Y 62.81 2.415

La 40.51 2.345

Ce 43.11 2.375

Pr 43.51 2.445

Nd 43.51 1.945

Sm 45.61 2.455

Eu 92

Gd 50.91 1.905

Tb 53.51 2.195
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FIG. 2. Room temperature PAC spectra of 111Cd in RAl2 with
heavy R constituents. For R=Tm and Yb, spectra of compounds
with the exact stoichiometry and with a slight R excess, respec-
tively, are shown.
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served in trivalent RAl2 up to R=Er. Furthermore, there is a
fraction �27%� of probes in an almost cubic ��q�2 MHz�
environment.

In the case of YbAl2, R excess did not produce the
�55 MHz component expected from the trend of the QI in
RAl2 with trivalent R constituents. The spectrum of
Yb1.03Al2 �see Fig. 2� consists of three components: 28% of
the probes show the 71 MHz precession of YbAl3, �38%
with �q�2 MHz account for the vertical offset, and a frac-
tion of �34% subject to �11 MHz is required to describe
the initial decrease of the anisotropy.

In Fig. 3 �bottom most section� we have collected the
results of the analysis, attributing the 50–55 MHz compo-
nents in the spectra of Tm1.03Al2 and Lu1.03Al2 to the RAl2
Laves phases. The RAl2 quadrupole frequencies are plotted
versus the R atomic number.

The temperature dependence of the QI of 111Cd in RAl2
was measured in the range TC�T�1200 K. The magnetic-
order temperatures TC of RAl2 vary between 3.85 K for
CeAl2 and 168 K for GdAl2. Figure 4 presents spectra of
111Cd in PrAl2 at different temperatures as a prominent ex-
ample of the spectra of light RAl2: The spin precession pe-
riod has a minimum at �300 K, i.e., as one moves from
40 to 990 K, the quadrupole frequency passes through a
maximum. This is quite unusual for a closed-shell probe
atom in a metallic host. Usually one finds a monotonous

decrease of the QI with increasing temperature. The same
behavior was observed in all RAl2 with light R=La to Sm
�Fig. 5�. The difference ��q

max−�q�TC�� /�q
max, with �q

max the
frequency maximum, varies from 0.073 for Pr, Ce to 0.02 for
La, Nd, and 0.013 for Sm. At T�400 K, �q�T� follows a
linear relation with slopes �−d ln �q /dT�400 K listed in Table
I. In heavy RAl2 and in YAl2, the quadrupole frequency de-
creases monotonously with increasing temperature. The de-
crease is well described by straight lines with temperature
coefficients given in Tables I and II.

B. Temperature-induced changes of the site occupied by
111In/ 111Cd in RAl2 and RAl3

The observation of a single, axially symmetric QI indi-
cates that in the early members of the RAl2 series the 111In
solutes exclusively occupy the Al site at all temperatures. At
the end of the series, however, one finds evidence for
temperature-induced solute migration between different
sites: The RT spectrum of Tm1.03Al2 �see Fig. 2� contains the
54.8 MHz component of TmAl2 and 83.8 MHz component
of TmAl3 with an intensity ratio of �3:1. As temperature is
increased, the PAC pattern changes reversibly �see Figs. 6
and 7�: Up to T�900 K, the intensity of the �80 MHz com-
ponent �precession period in Fig. 6: �75 ns� grows at the
expense of the �50 MHz component, but at still higher tem-

TABLE II. The quadrupole frequencies �q and fractions of different components found in the room
temperature PAC spectra of 111Cd in R1+xAl2 Laves phases with the heavy R constituents R=Dy–Lu and R

excess in the range −0.005�x�0.03. The quantity −�
	 ln �q�T�

	T �400 K is the coefficient of the linear temperature
dependence at T�400 K.

Rare
earth R R excess x

�q

�MHz�
−�

	 ln �q�T�

	T �400 K

�10−4 K−1� Fraction Site

Dy −0.005�x�0.03 54.91 2.355 �0.8 Al of RAl2
�2 �0.2 R of RAl2

Ho −0.005�x�0.03 55.71 2.215 �0.8 Al of RAl2
�2 �0.2 R of RAl2

Er −0.005�x�0.03 55.8 1.937 �0.7 Al of RAl2
�2 �0.3 R of RAl2

Tm x=0.00 83.71 0.71 Al of TmAl3
54.6 0.06 Al of TmAl2
�2 0.23 R of TmAl2/TmAl3

x=0.03 83.81 0.16 Al of TmAl3
54.81 2.265 0.57 Al of TmAl2
�2 0.27 R of TmAl2/TmAl3

Yb x=0.00 71.81 0.9 Al of YbAl3
�2 0.1 R of YbAl2 /YbAl3

x=0.03 71.22 0.28 Al of YbAl3
112 0.34 Al of YbAl2
�2 0.38 R of YbAl2 /YbAl3

Lu x=0.03 50.23 2.305 0.35 Al of RAl2
�2 0.65 R of RAl2
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peratures this component decreases continuously toward
zero. In the quantitative least-squares fit analysis three sites
were assumed: the Al site of TmAl2 with �q�50 MHz, the
Al site of TmAl3 with �q�80 MHz, and a cubic site with
�q�0 MHz necessary to account for a slight vertical offset
of the spectra. The temperature dependence of the relative

intensities of the �50 MHz and the �80 MHz components
collected in Fig. 7 shows that at T�900 K some of the 111In
solutes migrate from the TmAl2 to the TmAl3 grains of the
sample, but at T�900 K the solutes clearly prefer to reside
on the Al site of TmAl2.

While the PAC spectra of Tm1.03Al2 reflect solute migra-
tion between different phases present in the same sample,
those of Lu1.03Al2 �Fig. 8� provide an example for solute
transfer between different sites of the same phase: The room
temperature spectrum of Lu1.03Al2 consists of the periodic
modulation characteristic for probes on the axial Al site, su-
perimposed on the slowly decaying anisotropy of probes on
the cubic R site. Comparison of the 300 and 1100 K spectra
in Fig. 8 shows that the relative occupation of the Al and R
sites changes with temperature. The ratio fLu/ fAl �fX
=fraction of probes on site X�, determined from spectra in
the range 10K�T�1200 K, was constant up to T�600 K.
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FIG. 3. The R dependence of the room temperature quadrupole
frequency �q of 111Cd in RAl2 and in RX3 compounds with AuCu3

structure. The RAl3 compounds �R=Tm,Yb,Lu� studied in the
present work were synthesized at atmospheric pressure, and those
investigated by Tsvyashchenko et al. �Ref. 17� �R
=Dy,Ho,Er,Tm,Yb,Lu� at high pressures. The values for RX3;
X=In,Sn have been reported by Schwartz and Shirley �Ref. 29� The
topmost section shows the lattice parameter a of RAl2 �this work
and Ref. 5�, RAl3 �this work and Ref. 17�, and RIn3 �Ref. 29� at
300 K as a function of the R constituent. The dashed line in the
bottom-most section corresponds to the quantity �qa3 �right-hand
scale� of RAl2 with trivalent R constituents.
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At higher temperatures, it follows the relation fLu/ fAl�T�
�exp�H /kBT� with H=0.25�2� eV where H is the change in
enthalpy9 due in the transfer of probes from the Lu to the Al
site. At RT after 1200 K, all probes are found on the Lu site.

C. Static and dynamic quadrupole interactions of 111Cd in
RAl3, R=Gd,Tm,Yb,Lu

To clarify the origin of the high quadrupole frequencies at
the end of the RAl2 series, the PAC measurements were ex-
tended to the RAl3 compounds with AuCu3 structure �R
=Tm, Yb, and Lu�. Spectra of 111Cd in LuAl3 and YbAl3 are
shown in Figs. 9 and 10, respectively. At T�800 K, we ob-
served the periodic nonattenuated modulation characteristic
for an axially symmetric QI. Line broadening by inhomoge-
neities was less than 2%, and contributions by other phases,
especially RAl2, were below the limit of PAC detection, al-
though the XRD pattern of some RAl3 contained RAl2 reflec-
tions with an intensity of up to 15%.

We also studied GdAl3, a RAl3 compounds with SnNi3
structure to see whether the dynamic interaction observed in
RAl3, R=Tm,Yb,Lu �see below� occurs also in RAl3 com-
pounds with other structures. The spectra of GdAl3 �not
shown� present a single, slightly asymmetric static QI with-
out indications of dynamic perturbations up to T�1250 K.
The room temperature QI parameters derived by a fit of Eq.
�1� to the experimental data are listed in Table III. The RT

parameters of GdAl3 are in agreement with the previous re-
sult of Zacate and Collins,9 the parameters of RAl3, R
=Tm,Yb,Lu agree within 2% with the values recently re-
ported by Tsvyashchenko et al.17 for RAl3 compounds syn-
thesized under high pressure.

The temperature dependencies of the quadrupole frequen-
cies of 111Cd in RAl3, R=Gd,Tm,Yb,Lu are shown in Fig.
11. Except for YbAl3 where �q�T� passes through a shallow
maximum, one observes a monotonous decrease of �q with
increasing temperature. For R=Gd, Tm, and Lu, �q�T� is
a linear function in the range 10 K�T�1200 K. The
temperature coefficients are listed in Table III. The GdAl3
asymmetry parameter decreases from �=0.20�1� at 10 K to
�=0 at T�1000 K.
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FIG. 7. The preference of the solute 111In/ 111Cd for the Al site
in TmAl2 �full squares� and TmAl3 �open squares�, respectively, as
a function of temperature.
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At temperatures T�800 K, the spectra of RAl3, R
=Tm,Yb,Lu undergo pronounced, fully reversible changes,
as illustrated in Figs. 9 and 10 for the case of LuAl3 and
YbAl3. As temperature is raised beyond 1000 K, the periodic
spin precessions of the spectra of LuAl3 and TmAl3 suffer an
exponential attenuation which increases with temperature up
to the complete disappearance of the oscillations at T
�1225 K: These are features of a perturbation by time-
dependent interaction.20,21 The high temperature �T
�1000 K� spectra of RAl3, R=Tm,Lu were therefore ana-
lyzed using Eq. �3� with kk�t� given by the perturbation
factor for a static QI �Eq. �2��. The resulting relaxation pa-
rameters �2 are collected in Fig. 12 in form of an Arrhenius
plot �2�T�=�2

0 exp�−EA /kBT� from which one obtains an ac-
tivation enthalpy of the fluctuations of EA=1.6�1� eV with
prefactor �2

0= �1−0.5
+1 � 1014 s−1 for R=Tm and Lu.

At temperatures T�1225 K, one expects the spectrum to
evolve from maximum relaxation toward the limit of fast
motional narrowing which—in case the fluctuating interac-
tion has zero time average—is the unperturbed angular cor-
relation. Figure 9 shows that the unperturbed correlation in
LuAl3 is reached at T=1250 K.

If the jump frequency w follows an exponential tempera-
ture dependence w=w0 exp�−EA /kBT� with attempt fre-
quency w0, an Arrhenius plot of the relaxation parameter
ln �2 versus 1/T should show the same slope �but opposite
sign� in the region of slow ��k=�k

0 exp�−EA /kBT�� and fast
fluctuations ��k=�k

0 exp�EA /kBT��, respectively. It is there-
fore surprising to find that in the case of LuAl3 and TmAl3 it

takes a temperature increase of about 200 K to completely
attenuate the oscillations observed at T�1000 K, but only
25 K to go from total attenuation to unperturbed anisotropy.

In YbAl3 �Fig. 10� the attenuation of the periodic oscilla-
tions sets in at a lower temperature �T�800 K� than in
LuAl3 and TmAl3 and together with the attenuation there is a
vertical shift of the spectra which was not observed in the
other two RAl3. The shift implies the presence of two frac-
tions of probes at T�800 K, one subject to the fluctuating
QI, and the other unperturbed in a cubic environment. Cor-
respondingly, the spectra of YbAl3 were analyzed with a
two-site model: G22�t�= �1− fcub� 22�t�exp�−�2t�+ fcub. The
temperature dependence of the unperturbed fraction fcub is
shown in the insert of Fig. 12. For YbAl3 the activation
enthalpy is EA=1.2�1� eV and the prefactor �2

0= �2.7−1.1
+1.7�

1013 s−1.

IV. DISCUSSION

A. Site occupation, solute migration, and diffusion
of 111In/ 111Cd in RAl2 and RAl3

The Al site of the RAl2 Laves phases has axial �3m� sym-
metry with six nearest neighbor �NN� Al atoms at
0.283�Ce�−0.274�Lu� nm, the R site has cubic symmetry
�43m� with 12 NN Al atoms at 0.332�Ce�−0.322�Lu� nm.
The observation of a single component with an axially sym-
metric QI therefore implies that at the beginning of the R
series all 111Cd probes reside on the Al site. Toward the end
of the series a cubic component appears in the PAC spectra,
indicating the partial occupation of the R site.

The site chosen by an impurity atom in an intermetallic
compound can be expected to depend on the differences in
size and charge of the solute and the constituents of the in-
termetallic compound. The atomic radius of In �0.156 nm;
empirical Slater value25� is considerably larger than that of
Al �0.125 nm�, but smaller than the R radii �0.195�Ce�
−0.175�Lu� nm�. The fact that in light RAl2

111In solutes fa-
vor the Al site in spite of the larger space available at the R
site indicates a predominance of the charge factor over the
space factor which is consistent with the electronegativities
of the elements involved �In: 1.78; Al: 1.61, R :1.1–1.25;
Pauling units�. The tendency toward partial occupation of the

TABLE III. Quadrupole frequency �q, the asymmetry �, and
fractions of 111Cd in RAl3 compounds at 300 K. The linear tem-
perature dependence of �q at 10 K�T�1200 K is expressed by

−�
	 ln �q�T�

	T �10 K. In the case of YbAl3 the temperature coefficient for
T�400 K is given.

Rare
earth R

Structure
type

�q

�MHz�
Asymmetry

�
−�

	 ln �q�T�

	T �10 K

�10−4 K−1�

Gd SnNi3 64.01 0.121 2.535

Tm AuCu3 83.51 �0.05 0.814

Yb AuCu3 71.61 �0.05 0.4612 �T�400 K�
Lu AuCu3 83.41 �0.05 1.083
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FIG. 11. Temperature dependence of the quadrupole frequency
of 111Cd in some RAl3 compounds �R=Gd,Tm,Yb,Lu�.
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The insert shows the temperature dependence of the cubic fraction
in the PAC spectra of YbAl3.
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R site at the end of the R series can be understood as a
consequence of lanthanide contraction which—with increas-
ing R atomic number—reduces the space available at the Al
site and possibly also of the slight increase of the electrone-
gativity from La to Lu. For a discussion of the temperature
dependence of the Al-site occupation �Fig. 8� we refer to the
work of Zacate and Collins.9

In RAl3 with cubic AuCu3 structure, the Al site has axial
4 /mmm point symmetry with 12 Al nearest neighbors at
0.297 nm �for a=0.42 nm�, and the R site has cubic point
symmetry with 12 NN Al atoms at the same distance. From
the observation of an axially symmetric QI of 111Cd we may
conclude that in RAl3, R=Tm,Yb,Lu the 111In solutes prefer
the Al over the R site which is not surprising, considering
that both sites offer the same space.

Although the RAl2 samples contained only minute quan-
tities ��5% � of RAl3, the Al-site frequencies of RAl3, R
=Tm,Yb were found to be predominant in the PAC spectra
of the corresponding RAl2 compounds. This strong prefer-
ence of the Al site of RAl3 over that of RAl2 is probably
related to its larger size. This interpretation, however, does
not explain why the RAl3 frequencies were only found in
TmAl2 and YbAl2, but not in LuAl2.

In TmAl2 samples containing some TmAl3 ��5% � we
observed temperature-induced migration of the 111In solutes
between the Al sites of TmAl2 and TmAl3 �see Fig. 7�. The
preference of the Al site of TmAl3 at low and that of TmAl2
at high temperatures is possibly due to differences in the
lattice expansion of these compounds. To our knowledge,
there are no experimental data on the variation of the RAl3
lattice parameter at high temperatures. The difference in the
temperature dependence of the 111Cd quadrupole frequency
in TmAl2 and TmAl3 �coefficients −d ln �q /dT=2.26 and
0.81�10−4 K−1, respectively�, however, suggests that in
TmAl2 the thermal lattice expansion might be stronger than
in TmAl3. It is therefore conceivable that at high tempera-
tures the Al site of TmAl2 offers the larger space for the
solute atoms.

The fluctuating QI observed in RAl3, R=Tm,Yb,Lu at
T�800 K can be attributed to diffusion jumps of the 111In
probe atoms on the Al sublattice. Such jumps change the
orientation, but not the magnitude of the EFG at the probe
site. For details on the possible diffusion mechanisms we
refer to the recent PAC study of 111In jumps in RIn3 �Refs.
26–28� which has the same AuCu3 structure as RAl3, R
=Tm,Yb,Lu. The activation enthalpies EA=1.6�1� and
1.2�1� eV for R=Tm, Lu and R=Yb, respectively, are of the
same order as in the heavy RIn3. Since in the slow fluctuation
regime �2=w, the temperature dependence of �2 in Fig. 12
corresponds to attempt frequencies w0= �1−0.5

+1 ��1014 s−1 for
R=Tm, Lu and w0= �2.7−1.1

+1.7��1013 s−1 for R=Yb. The jump
frequencies in RIn3 were found to depend sensitively on
small deviations from the stoichiometric composition.26–28

Slight composition differences are possibly responsible for
the difference of the jump frequencies in RAl3, R=Tm, Lu
and R=Yb.

The abrupt transition from total attenuation to an unper-
turbed correlation within 25–35 K in the high temperature
PAC spectra of RAl3 �see Figs. 9 and 10� is most probably

not the result of a fast fluctuation process. Such an interpre-
tation would require an unrealistically large activation en-
thalpy �EA�30 eV� of the 111Cd diffusion at temperatures
T�1000 K. More likely, the transition reflects a change in
the site preference. The insert in Fig. 12 shows that at T
�1000 K the 111In solutes tend to occupy the cubic R site
with zero QI rather than the axial Al site which explains the
observation of an unperturbed angular correlation at high
temperatures.

B. Electric field gradients in RAl2 and RAl3

1. Room temperature trends

We have extended the R dependence of the QI of 111Cd in
RAl2 beyond the previous measurements by Mishra et al.5 to
include to R=Tm, Yb, Lu, and Y and have determined the
111Cd QI in RAl3, R=Gd, Tm, Yb, and Lu. The RT results
are collected in Fig. 3. The bottom-most section shows the R
dependence of the 111Cd quadrupole frequency in RAl2, and
the middle section the quadrupole frequencies of 111Cd in
RX3 compounds with AuCu3 structure. Presently, data are
available for X=In,Sn �Ref. 29� and Al �this investigation
and Ref. 17�.

In EuAl2 and YbAl2, the room temperature QI of 111Cd
deviates strongly from the general trend in the RAl2 series.
The PAC spectrum of EuAl2 shows unambiguously that the
frequency is about a factor of 5 smaller than for the other R
constituents. For YbAl2 the identification of the quadrupole
frequency of 111Cd on the Al site is slightly more difficult
because of the partial occupation of the R site ��q�2 MHz;
Table II� and the pronounced preference for the Al site of
YbAl3 ��q=71.2 MHz; Table II�. If we rule out that in a
two-phase YbAl2 /YbAl3 sample the 111In solutes completely
avoid the Al site of YbAl2, we may identify the 11 MHz
component in the RT spectrum of YbAl2 as the quadrupole
frequency of 111Cd on the Al site of this compound and con-
clude that the quadrupole frequencies of 111Cd in EuAl2 and
YbAl2 are of the same order ��10 MHz�.

The drastic decrease of �q�111Cd:RAl2� at R=Eu, Yb rela-
tive to the other RAl2 can be attributed to the smaller valence
of these R constituents which manifests itself also in an in-
crease of the lattice constant a �compare �q�111Cd:RAl2� and
a�RAl2� in Fig. 3�. The reduced QI of YbAl2 is consistent
with the results of previous investigations30–33 which indicate
that the valence of Yb in YbAl2 is in an intermediate state
with a value varying from 2.15 at low temperatures to 2.5 at
750 K. A similar behavior is found in RIn3 and RSn3 �Ref.
25�: Here the 111Cd quadrupole frequency of R=Eu and Yb
is a factor of 2–4 below the general trend in these
AuCu3-type compounds. The relation between the R valence
and the QI of nuclear probes in RX3, X=In, Sn has been
discussed by Schwartz and Shirley29 in terms of a point
charge model and by Asadabadi et al.34 on the basis of ab
initio calculations.

In RAl3, however, there is practically no singularity of the
lattice parameter at R=Yb �topmost section of Fig. 3; data
from Ref. 17� and the 111Cd quadrupole frequency in YbAl3
is only about 15% smaller than in neighboring TmAl3 and
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LuAl3. This observation is in fair agreement with a NMR
measurement35 of the quadrupole coupling constant of the
probe 27Al in TmAl3 and YbAl3. From the small difference
of the QIs of the neighboring RAl3 and the continuous de-
crease of the lattice parameter we may infer that the valence
of R=Yb in RAl3 is close to that of R=Tm,Lu, i.e., almost
3+, which agrees with conclusions based on transport, ther-
modynamic, and magnetic data30,31,36 that YbAl3 may be
considered an intermediate valence system with almost triva-
lent Yb ions.

In the trivalent RAl2, the RT quadrupole frequency of
111Cd first increases with increasing R atomic number to
reach a maximum at R=Ho, Er and then decreases by about
10% toward R=Lu �see Fig. 3�. Wanting ab initio calcula-
tions of solute EFGs in RAl2, we compare this variation
qualitatively to that of the EFG Vzz

latt produced by point
charges on the lattice positions. In the point charge model
�for a critical assessment see, e.g., Ref. 34� the quadrupole
frequency is frequently written as:37 vq�Q�1−k��1−���Vzz

lat,
where �1−��� is the Sternheimer correction and �1−k� an
enhancement factor which accounts for the valence electron
EFG and other contributions. In the present case of a cubic
host lattice,Vzz

latt is proportional29 to the inverse volume a−3 of
the unit cell and therefore: �qa3�Q�1−k��1−���.

The quantity �qa3�Q�1−k��1−��� varies—with a maxi-
mum at R=Ho—by about 25% across the series of trivalent
RAl2 �see dotted line in bottom section of Fig. 3�. A similar
trend has been observed in the hexagonal R metals:6 Here too
the enhancement factor �1−k� of the 111Cd EFG increases in
the first half and decreases in the second half of the R series.

Two mechanisms—one involving electron charge transfer
from the solute atom to the R neighbors,38 the other volume
mismatch effects between impurity and host5—have been
discussed with respect to the R dependence of the enhance-
ment factor �1−k�. However, neither of these models pro-
vides a consistent explanation for the variation of �qa3 across
the RAl2 series established in this study: While the volume
mismatch of oversized 111Cd on the Al site is expected to
result in an increase of �1−k�, the charge transfer model
predicts a continuous decrease of the enhancement factor
with increasing R atomic number. The interpretation of the R
dependence of the room temperature EFG of 111Cd in triva-
lent RAl2 thus remains an open question.

C. Temperature dependence of the electricfield gradient in
RAl2 and RAl3

The temperature dependence of the EFG has been inves-
tigated for numerous probe nuclei in a large number of non-
cubic metals39 and in many intermetallic compounds. For
non-R probe nuclei, the EFG usually decreases continuously
with increasing temperature, in many cases following a T3/2

relation which has been attributed to the temperature-induced
vibrations of the host atoms.40 A recent review of the rel-
evant literature on this subject has been given by Torumba et
al.41 in a paper reporting a first-principles calculation of the
temperature dependence of the EFG in hcp Cd.

At R nuclei the dominant EFG contribution comes from
the incomplete 4f shell. This contribution is proportional to

the thermal average of the 4f quadrupole moment over all
crystal electric field �CEF� states and therefore strongly tem-
perature dependent. As examples we cite the temperature
variation of the QI of the Mössbauer �MS� isotope 169Tm in
TmCu2 �Ref. 42� and in TmBa2Cu4O8 �Ref. 43�, of the MS
nucleus 174Yb in YbCu2Si2 �Ref. 44� and of the PAC probe
172Yb in Yb2Co3Ga9 �Ref. 45�.

The EFG of 111Cd in the heavy RAl2 decreases monoto-
nously as temperature is raised �see the data of LuAl2 and
YAl2 in Fig. 5 as examples�, but the trend of �q�T� is much
closer to a linear function than a T3/2 relation. Similar rela-
tions have been reported for non-R probes in the hexagonal
rare earth metals:7 Here, too, the QI is to a very good ap-
proximation a linear function over a wide temperature range.
However, while in RAl2 the temperature coefficient

−�
	 ln �q�T�

	T �400 K is practically independent of the R constituent
�see Tables I and II�, the temperature dependence in the
R metals shows a strong linear decrease with increasing

R atomic number �Ref. 7� from −�
	 ln �q�T�

	T �300 K�12
�10−4 K−1 for Nd to �2�10−4 K−1 for Y.

In contrast to the heavy RAl2, the early members of the
series �R=La-Sm� show a highly unusual temperature depen-
dence of the QI for a closed shell probe nucleus: At T
�400 K the EFG decreases with about the same slope as in
the heavy RAl2 �see Tables I and II�, but at lower tempera-
tures it passes through a maximum �Fig. 5�. Apparently, the
low temperature trend of the EFG at the Al site is affected by
the properties of the 4f electrons. A mechanism which would
account for this observation has been proposed by Rasera et
al.:8 The mechanism involves the overlap of the probe va-
lence electrons with the 5d and 6s electrons of the rare earths
which are hybridized by the interaction with the 4f shell. As
consequence of this interaction, the nonspherical 4f charge
distribution may be felt at neighboring lattice sites. The re-
sulting 4f contribution to the EFG at the Al site would be
important for light R with the stronger 5d �6s�−4f interac-
tion caused by the larger radial extension of the 4f wave
function46 and would decrease with increasing temperatures
due to the thermal averaging of the 4f quadrupole moment,
with the details of the temperature variation depending on
the parameters of the crystal electric field interaction. An
interpretation of the experimental �q�T� trends in Fig. 5 in
terms of this mechanisms requires that the 4f and the lattice
contributions to the EFG have opposite sign.

In the RAl3 compounds with AuCu3 structure, the tem-
perature variation of the 111Cd QI also varies with the R
constituent �see Fig. 11�: In YbAl3 the quadrupole frequency
passes through a shallow maximum while neighboring
TmAl3 and LuAl3 show the same linear decrease with in-
creasing temperature. The unusual temperature trend in
YbAl3 can be understood in terms of the noninteger Yb va-
lence of this compound. The intermediate valence state is
thought to result47 from 4f charge fluctuations between two
almost degenerate 4f configurations, trivalent Yb with 13 4f
electrons, and divalent Yb with 14 4f electrons. Bauer et
al.14 have shown by Yb LIII x-ray absorption measurements
that with increasing temperature the relative weight of Yb3+

�4f13� grows at the expense of Yb2+ �4f14�. The PAC time
window is much longer than the valence fluctuation time. In
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contrast to x-ray absorption, where both configurations are
seen, PAC experiments therefore sample the time average of
the two configurations. The QI at non-R solutes in com-
pounds with trivalent R constituents is larger than in the
corresponding divalent compound �see Fig. 3�. The time av-
erage of the 111Cd QI therefore increases with increasing
weight of Yb3+ which explains the initial increase of
�q�111Cd:YbAl3� as temperature is raised from T=10 K. At
T�400 K, the effects of lattice vibrations and lattice expan-
sion overcome the growing weight of Yb3+ and the QI begins
to decrease with increasing temperature.

V. SUMMARY

We have investigated static and fluctuating EFGs experi-
enced by the nuclear probe 111In/ 111Cd on the Al site of the
rare earth–aluminium compounds RAl2 and RAl3 as a func-
tion of temperature for different R constituents.

An anomalous temperature dependence of the EFG in the
early RAl2 members suggests a substantial influence of the

4f electrons on the EFG at the Al site. The temperature de-
pendence in the intermediate valence compound YbAl3 is
consistent with an increase of the 4f hole occupation with
temperature.

The measurements establish the site preference of
111In/ 111Cd solutes in two-phase samples containing RAl2
and RAl3 and provide evidence for temperature-induced sol-
ute migration between these phases. Information on diffusion
jumps of the solutes on the Al sublattice could be extracted
by analyzing the nuclear spin relaxation observed at high
temperatures in RAl3, R=Tm, Yb, and Lu.
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