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I • INTRODUCTION 

In the last few decades experimental and theoretical studies 
of crystal field effects in crystals containing rare earth ions 
have become of considerablE interest 11 ~ The crystalline electric 
field (CEF) determines mainly the magnetic, transport, thermal, 
and optical properties of these substances. Very powerful methods 
for studying the CEF are the spectroscopic ones, for example: 
optical absorption for isola tors, magnetic and y -resonances, 
and neutron scattering for metallic and isolating samples. 

The electric field gradient (EFG) at the site of a nucleus 
as the spatial derivation of the CEF is produced by an asymmet
ric distribution of charges in the lattice space and within the 
ion itself. The interaction of the EFG with the nuclear quadru
pole mom2nt is the electric part of the hyperfine interactions, 
and it causes a perturbation of the angular correlation (PAC) 
of y -rays from a cascade transition of an excited nucleus 121. 

BecauJe of the absence of the orbital angular momentum of the 
4f-electrons in their ground state the Gd3+ ion seems to be the 
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the PAC technique. The half-filled !,f-shell in the Gd ion has 
spheric symmetry and does not give any contribution to the EFG at 
the nuclear site. The EFG at such a probe nucleus in a noncubic 
metallic lattice is usually written as 

v "" vlatt (1 - y .. ) + v ef • (I) 

where the lattice part V latt comes from the ions in the lattice 
and can be calculated by lattice sum methods. The Sternheimer 
anti shielding factor Y .. takes into account the shielding ef
fects of the closed electron shells in the ion. For the Oct 8+ 
ion it has been obtained y.., = -75 181• The electronic part in 
eq. (I) includes the contribution from the conduction electrons 
to the EFG and is difficult to estimate theoretically. However, 
many of the available data seen1 to obey a simple empirical for
mula for the relation between the lattice and electronic parts 
of the EFG /4/: 

where K is about three. 
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The PAC method allows one to determine the components of the 
EFG tensor in its principal axes system: Vzz, 11 = (Vu- Vyy )/Vzz 
The magnitude of the PAC depends upon these EFG parameters and 
on the life timer and the quadrupole moment Q of the inter
mediate state of the nucleus. In the case of axial symmetry of 
the EFG tensor (71 = 0), the essential parameter measured by the 
PAC method remains the frequency of "quadrupole precession" 

p 
4hl(21 - 1) 

(3) 

where p = 3,9,15 for integer nuclear spins I. 
1&4ad 1 · In this paper the results of EFG measurements on nuc e~ 

as probes in monocrystals of Gd and RF8 ( R = La, Ce, Pr, Nd, Sm, 
Eu, Gd) using the method of the integral perturbation of angular 
correlation (IPAC) are reported. The experimental data were com
pared with the values of the EFG from a point charge mode~ cal
culation and with values derived from CEF parameters obta~ne~ 6. 71 
by measurements of the electron paramagnetic resonance (EPR) • 
the nuclear quadrupole resonance 18•91 , and the optical absorp-

. . h fl 'd 110•111 
t~on ~n rare eart uor~ es 

2 • EXPERUIENT AND t-IE TROD 

The most of the investigated single crystals were grown by the 
"Bridgman..:.stockbarger" method 1121• The GdF8 single crystals were 
obtained from the firm "Alfa-Ventron'~ (USA). 

For the IPAC measurement the source nuclei 164 Eu were produced 
by the reaction 168Eu(n, p) 164 Eu, separated by an electro-magne
tic mass separator, and than implanted into the samples, using an 
accelerating potential of 70 kV. The IPAC measurements were per
formed at room temperature by the spectrometers described in 
refs/ 18• 141• In order to get a minimal statistical error we have 
used four (y- y)-cascades (247-123), (873-123), (1005-123) and 
(1274-123) keV,by averaging the resulting EFG parameters ob
tained for every of these cascades. 

The axial symmetry of the lattice sites in Gd allows one to 
use the program QUDIM 1161 for treating the experimental data, 
which yields ~0 , and Vzz was obtained by eq.(3). The EFG para
meters for the fluorides, however, were determined by the method 
including the diagonalization of the hyperfine interaction Ha
miltonian described in ref./16,17/. 

2 

3. RESULTS AND DISCUSSION 

3. I. l:t'G in Gadolinium 

Several &'J.'::hors hd"C investigated t.he EFG in gadolinium by 
the methods of M6ssbauer spectroscopy (HE) 118· 211 and of angular 
distribcition after the Coulomb excitation (CE)122• 281 • In Table I 
it L> shown, that t:he wdues of ::he EFG in Gd obtained by these 
methods are rather differ~nt. 

Table 

Electric field gradients on Gd nuclei in the Gd host 

vexpxJo21 
zz V/m2 Heasurement method References 

0.7+0.4 HE /18/ 

0,87+0.08 HE /19/ 

;), 5+0. 2 HE /20/ 

1.05 HE /21/ 

3.41+0. 17 * CE /22/ 

J.4J+U, 14 CE /23/ 

3.25+0.24 IPAC present paper 

*The value is recalculated in ref /28/, 

The figure illustrates, as an example, the coincidence spectra 
obtained from IPAC measurements for four (y-y) -cascades and for 
the following angles(} between the detectors: (} = 90°, 120°, 
150°, and 180°, Using the data analysinr; program QUDIH 1161, ~0 
was ubtained from the least square fit of the functional 

22 
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to the experimental data. Here N(6tf) is the number of coinci
dences detected at a certain position of the crystal with res
pect to the detectors, the coefficients r:~ (6tt) contain in·-

1 2 

formation on the relative positions of the oetectors and the 
c-axis of the single cry&tal 1161. Taking into account the data 
of I , Q and r for the 123 keV intermediate state of 154'Gd 124•251 

from the value of w::; averaged over all cascades one obtains 
by eq. (3) the EFG value V~~p = (3.25.:::_0,24)·I0 21vm-2 , which is 
close to the value obtained by the Coulomb excitation method 
(Table I). The lattice contribution to the EFG was calculated 
using the plane-wise summation method of de Wette 126~which yields 

20 -2 . . 21 -2 
Vlatt = 0.177·10 Vm . Therefore Vlatt (1- y 00 ) = 1.35 ·10 Vm 
and the ratio V ::PI V latt (1 - y 00 ) = 2.4 corresponds to empirical 
rule (2), considering, that the PAC experiment does not deter
mine the sign of Vzz• 

3.2. EFG in Trifluorides of Rare-Earths 

The rare earth trifluorides LaF 3, CeF 3 , PtF 3 , and NdF crys
tallize into a hexagonal structure of the PCu 3 type wit~ the 
D\d space groupi27~The rare earth ions occupy positions with 

a monoclinic point symmetry (C2 ). 
The trifluorides SmF 3 , EuF 3 , and GdF 3 crystallize into an or-

... t-. --'----'L!~· -C..,_, __ 'll.'r~A'I +-¥-~-. ,._.:.._1... +-1-.,...J'"\16 C"T\~,...0 ,..,._,....H.....,/28/ 

._ .... "-J ............... U.lJ ....... ~ ... .~..."'"" ........ '"".~.. .............. '-""'- ... , ......... 8 ... J.t" .... ~·---·· _ ........ -~n ... ~---r 

and the rare earth ions occupy s1tes with the monoclinic point 
symmetry also. For both cases the point symmetry at rare earth 
sites is non-axial, therefore the parameter ·71 should be non
zero. 

In Table 2 the values of Vzz and 71 for the rare earth tri
fluorides obtained by the IPAC measurements are given. In ad
dition, there are included the corresponding values of the ear
lier Hossbauer measurements. The values Vzz for isostructural 
compounds raise monotonously with the number of 4f electrons 
of the rare earth ions. 

The uncertainties quoted at the experimental EFG values are 
mainly due to the inaccurate data of the quadrupole moment and 
of the half-life time of the 123 keV intermediate state in the 
154'Gd nucleus. 

The point charge model (PCM) has been assumed to be a good 
approximation to calculate the EFG in the trifluorides because 
of the small dipole polarizability of the fluorine ion F- 131 • 
In this model the components of the lattice EFG tensor at a'Gd3+ 
site may be expressed as the lattice sum 

(5) 
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where Z(k) i.> charge and x
1 

(k, f.) is the i 'th Cartesian coor
dinate of the k'th ion in the f'th unit cell, r(k,f) is the 
distance of this ion from the origin at the GdS+ site of in
terest. The ionic positions in the unit cell were taken for 
the hexagonal compounds from 127• 291 , and for the orthorhombic 
ones from/8,29/, According to eq. (S) the direct sunnnation was 
performed up to an ion distance of about 100 A with respect to 
the ion of interest. The results of this calculations are given 
in Table 2. 

The EFG values Vlatt (1- Yoo ) from the PCH deviate signifi
cantly from the experimental Vzz values for the trifluorides 
of the light rare earth ions, whereas the asynnnetry parameters 
calculated within the PCH depend sensitively upon the accuracy 
of the ion positions in the unit cell. We conclude that the 
PCM which proposes a completely ionic character of the lattice 
is Lnsufficient for a full understanding of the EFG in these 
compounds. In 181 it was argued that including into considera
tion the overlap of the outer-shell electrons of the rare earth 
ions with those of the ligands and/or their polarizabilities 
will give no essentially better agreement with the experiment. 

Recently/SO/ however, on the basis of the PCH and an induced
dipole model it has been calculated the spin-Hamiltonian para
meters for actS+- doped single crystals of rare earth fluorides. 
Considering effects of the admixture of excited 4f-states of 
·actS+, discussed widely by Wybourne 1811 and Buckmaster 1S21 , and 
;,_a~;_u.E, ~~ .. ~.:, .:.:..:::.~~::~ .:.;;:.-::;:.-:.::~~ ;'':''!.~..,..; .,.~}..; 1; t-i ~c: nf t-hp F-
ions in a solid they were able to achieve a surprising good 
agreement of the calculated and the experimental spin-Hamiltonian 
parameters. These results, however, do not mean that effects 
such as overlap and covalency in this compounds do not play 
any role. Rather it is likely, that such effects are indirect
ly inclosed into the polarizability tensor used in their estima
tions and depending on the host lattice. 

The discussion in paper 18°1 bases on the EPR measurements 
on ad 3+ in trifluorides of La, Ce, Pr and Nd 171, which confirm 
the more earlier results of Sharma/8/ and Jones et a1.151 . It 
is of interest to connect the parameters b: ( m = 0,2) occurring 
in the spin Hamiltonian, which were measured by EPR on ·GdS+,with 
the parameters of EFG which are obtained by IPAC measurements. 
To get a quantitative relation between the b: and the CEF pa
rameters A~ it is necessary to estimate various non-S-contri
butions to the 4f electron ground state in adS+. Although it 
has been stated 1S 1 ~ that the ion contribution solely cannot 
explain the full splitting of the ground state in 'adS+, usually 
it was taken into account only Hutchinson's mechanism of third 
order in the spin-orbit interaction/SS/ and the relativistic 
contribution given by Uybourne /84/: 
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L < r 2 > + =5 ( (R:_ -R! +)) (l ·- a2) \o ' 
w;wn Wp 

bo = ( •• 12 
2 5 

(6) 

tH,re ( is the oue-electron spin-orbit coupling parameter, Wp 
and W D are the energy separations be tween the ground state 
8s 712 and the excited states 6 P 7 / 2 and 8 D7; 2 ,respectively, a 2 
considers the screening due tn the 5s2

p
6 electrons, <r

2 
> is 

tlte avera~e uf the oper'ltor r 2 for the 4f electron on Gd 
3
'; and 

R!+and R __ are relativistic integrals. Using the values quoted 
for instance in/35/one obtains the quantitative relation 
b2(cm -1) = 3.19·10-5 A0

2(cm-1 X-2 ) . Furthermore we assul!le 
the linear relation b~/ A~= bf/ A~, then the components of the 
EFG are given by 

Vzz = 4A2 (1 -y"" )/e and (7) 

The EFG values for the light rare earth fluorides derived from 
the EPR results /6,7/ are listed in Table 2 also. These values 
are about 30% smaller than those obtained by IPAC measurements. 
Taking into consideration the rough approximations we can c•.m
clude that by both methods are measured the same properties 
of the CEF which may be explained by a combined point charge 
and induced dipole model rather than by the PC}1 solely. 

One of the most direct methods to measure the EFG is the 
nuclear quadrupole resonance (NQR). Andersson and Procter IBI 
hAVP nprfnrmPr1 liJ()R mP"'"'rPmPnrc: nn 139f.ll in T.<~l<' • ..,r rr.nm h>m-

perature, and they obtained the quadrupole inte~action constant 
to be eVzz Q/h = 16.11 Mc/s which yields with the guadrupole 
moment of 139La in its ground state Q = 0.22(3) b1361,the EFG at 

21 -2 h the lanthanum nucleus Vzz = 3.03·10 Vm . T e asymmetry para-
meter was find out to be Tf = 0.804. Considering the difference 
in the ion radii of La 3+ and Gct 3+, the EFG value derived from 
NQR confirms the results of our IPAC measurements. 

Recently Reddy and Erickson 191 have studied the ground state 
of Pr 3+ in LaF

3 
by NQR.Because the ground state is a singlet 

there is no first order hyperfine interaction, and the Hamilto
nian can be given by 

}{ = D (I ~ - 113 I (I + 1) ) + E (I ; - I ; ) - !iy J , ( 8) 

.... 
where H is the magnetic field, Y t is the diagonal gyromagne-
tic tensor, the parameters D and E consist of three terms: 
firstly, the second-order hyperfine interaction, which dominctes 
and can be calculated from CEF wave functions (if available) 
or estimated from the anisotropic paramagnetic shif~ of the re
sonance lines in the presence of a magnetic field, secondly, 
the contribution of the 4f electrons in Pr S+, which may be neg
lected because of it gives only a value of about 10-6 err, ' 1 

8 

i 

using the wave functions from /87/, and 7h~rdly the lattice con
tribution. Applying the measured quant1t1.es D = 4.185 Hc;/s and 
E = o. 146 Mc/s 191, which are in accordance with values g1.v~m 
earlier by Teplov 138~and those of the second-ord~~ hyperf1.~e 
contribution Da = 3.132 Mc/s and E' = 0.596 Hc/s 

1
, and us1.ng 

the screening parameter a~= 0.745 391 and the quadrupole moment 
Q = o. 024 b or 0. 0589 b 13 1 for 141 Pr one obtains the EFG, at 
the site of the Pr nucleus which substitutes ·La in LaF3 , by 

the relation 

V = D 41(21 -1)(1-u2)/3eQ, Dlatt =D -Da 
zz l&tt 

(9} 

to be v = 6.17·10 21 or 2.5l·I021 vm-2, respectively, and Tf 

= 0.43. zit is very interesting to compare the comp?nents of 
the EFG tensor obtained by the !PAC measurements Wl.~h those,_ 
which can be derived from the results of a systematl.c analys1.s 
of the optical absorption spectra from triv~lent rare earth 
ions in the ·LaF host lattice 110l ,On the bas1.s of the CEF Ha
miltonian for t~e c point symmetry at the site of the rare earth 
ions a fit proceduri of the optical spectra yields.all ~he four
teen CEF parameters for nine different rare earth 1.ons l.n.LaF3 • 
With the assumption that the substitution of a l~nthanum 1.on 
in LaF by a rare earth ion does not change cons1.derably t~ 
CEF at3 this lattice site, from the CEF parameters Bf= Pf.AJ 
can be separated the rare earth ion ?:p~ndent, ~u~ ~o~t 7n 1~g~n-
dent mOdl.!J.eQ raaiaJ. inLegrai:; /'f f WU.LI.-11 cU. I:' LCLIJU.La~-;-~ ..... 

from the parameters A~ characterizing the CEF behav1.our l.~ the 
host lattice of ·LaF3 , The quantities A'£ are assum:d to be I.n
dependent on the peculiarities of the r~re earth I.ons_and are 
averaged over th~ rare earth series. Us1.~ the result1.ng va-
lues A~= -1115 A-2 cm-1 and A~= -458 x-2 cm-1 the components 
of the EFG at the lanthanum site in LaF3 are gi':'en by eq: (7} 
to be v = 4,2Q.1Q21ym-2 and 1/ = 0.41, respecuvely. Th1.s va
lues ar!zvery close to those obtained by the !PAC method. Furthe
more, by analysing the optical absorption spectrum and the pa
ramagnetic susceptibility data of NdF8 the CEF ?ara~eters for 
the site of the Nd3+ ion have been found 1111~1ak1.ng I.nto.acc?unt 
their values B g = -203 cm-1 and B~ = -90 em and cons1.der1.ng 
the modified radial integral p 2 given in

1101 
the com?onents of 

the EFG tensor at the Nd S+ site in NdF 3 can be der1.ved to be 
V zz = 4. 48. 10 21cm -2 and Tf = 0. 44, which again correspond very 
close with the results from the !PAC measurements. 
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