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Wave-vector dependence of intermultiplet transitions in EuBaCuzO, (x=6.1 and ?:
An inelastic neutron-scattering study
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The momentum-transfer)) dependence of inelastic-neutron-scattering dipolar and higher multipolar CEF
split transitions from E®i" in EuBaCu0, (x=6.1 and 7 are calculated and, where possible, compared with
the observations. For the transitions between’thg and the’F, CEF split multiplets, distinct differences in
the Q dependence between the different excitations is anticipated. Some of these transitions are expected to
have relatively strong dipolar contributions. In order to perform these calculations, it was necessary to fit the
transitions to a model crystal-field splitting scheme in order to determine the eigenfunctions and corresponding
energy levels as input for th@-dependence calculations. We found an unusually low-energy separation
between the'F, ground state and the first excité&, multiplet which is well understood due to two effects.
First, the strong CEF interaction mixes the wave functions of states between different multiplets which leads
to a reduction of the energy separation. Second, the free-ion parameters are slightly reduced, which could be
understood by assuming a linear behavior with the average distance of the nearest-neighbor shell.
[S0163-182807)00717-0

[. INTRODUCTION more reliably. In addition, information otherwise unavailable
about free-ion intra-atomic interactions in optically opaque

It is commonly assumed that the magnetic neutron scatmaterials, such as metals, would provide insight into their
tering from noninteracting rare-eartRY) ions has a momen- electronic behaviors. Such experiments and calculations will
tum transfer Q) dependence that is adequately described bysecome more common as the flux and resolution of high-
a form factor calculated using the dipole approximation. FOfenergy inelastic neutron spectrometers improve_
scattering arising from within the Russel-Saunders ground |n order to investigate th® dependence of intermultiplet
multiplet, this is a reasonable assumption, but for spin-orbityansitions, we have measured the inelastic neutron scattering
transitions between differedt multiplets, theQ dependence (INS) of Eu in RBa,Cu,0, . Eu was chosen because it has a
may be quite different, even for dipole-allowed transitionsto singlet ground multiplet, with the first excitedi=1
(J—Jx1).1f AJ>1, orAL, AS>0, the magnefic transitions ., iiinjet at about 44—48 meV, well within the INS acces-

are nondipolar with zero cross section@&0 (by defini- ; ; ; ;
. . . sible energy range. In this relatively low-energy range, it
tion). A theoretical framework for calculating such cross sec- 9y 9 y 9y g

tions for arbitraryQ ranges has been derived by Balcar andshould be possible to resolve transitions to the individual,

Lovesey and has been compared successfully with the crosgry\‘j‘\}al'f'eldfﬂ't st?rt]es dv_wth|tn dthle.mltj.lt'ple? int ltinlet
section of intermultiplet transitions in a numberfeélectron € report nere the direct determination of intermuttiple

systemg: However, the theory has not yet been fully tested(ransitions in EuBgCus0, (x=7 and 6.1 with resolved CEF
on transitions between crystal-field-split states in differenSPlittings. The orthorhombic symmetry of the rare-earth site
multiplets. Recently, we have shown that crystal-field transiin the RB&Cu,0; series fully removes theP+ 1 degeneracy
tions can exhibit different) dependences, even when the of the multiplets for the non-Kramer ions. The insulating
transitions involve states within the same multifiet.full ~ Parent compounds (x<6.4) have tetragonal R-site
understanding of th® dependence of crystal-field transi- Symmetry; and therefore some of these singlets merge to
tions, both within a single multiplet and between different doubletsR=Eu** has a’F, ground-state multiplet, which is
multiplets, would provide a powerful tool for assigning tran- @ nonmagnetic singlet. The first excitée, multiplet is split
sitions and solving crystalline electric-fielCEP potentials  into three singlets for orthorhombic and a singlet and a dou-
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FIG. 1. Energy spectra of neutrons scattered from EGBzO; energy transfer [meV]
atT=20 K, E;=80 meV, and average ang{e=10°. The solid line
corresponds to the fit and the dashed line represents the individual FIG. 3. Energy spectra of neutrons scattered from EGB#Og 4
transitions which are labele8l—C. at T=20 K, E;=80 meV, and average angie=10°. The solid line
corresponds to the fit. The individual transitions are labeled with

* *
blet for tetragonal symmetry. Because of the ldwalue of A%.C™.

this multiplet, only the second-order CEF parameters influ- - . .
ence the CEF splitting, which permits an accurate determiI_et splittings are relatlvgly small. These free-ion parameters
nation of these paraméters are generally taken directly from the complete work on

. 14
Before a full understanding can be attained of @ele- R.I:I_ath. . tal data obtained h f tal-field
pendence to intermultiplet transitions, it is necessary to first . € experimental dala obtained here from crystal-lield-
have a good estimate of the wave functions and energies 3P|'t intermultiplet transitions of Eu prov_|de _|nforma_1t|on
the states involved in the various transitions. There has beefPCut the second-order CEF and the free-ion interaction pa-

considerable work done to determine systematically the CE me_ters. We use the results of these fits in theoretlcgl cal-
splittings of rare-eartR®") ions in RBaZCu307.6‘1° This culations of theQ dependence of the neutron cross section of

work is limited to INS because the materials are opaque tcS:EF'S.pIit intermultiplet trar!gitions that .‘T‘F'“de both dipqlgr
electromagnetic radiation, thereby prohibiting the use 01‘3lnd higher multipolar transition probabll|rt4|g?. Some prelimi-
more conventional optical methods. The results have beef@Y results have been published elsewfiere.

used to develop models involving charge trarfstgrercola-

tive superconductivit} coupling of the magnetic response Il. EXPERIMENTS

to the CuQ states;?> andR-R exchange interactiol’. When
analyzing the INS data using crystal-field modeling, it has
proven necessary to include free-ion parameters in the fittin
particularly for the lighter rare earths where the intermultip-S

A 12-g isotope-enriched®EuBaCu0, sample was
repared by standard ceramic techniques. The oxygen
ontent was controlled by heating in the appropriate atmo-
phere. Neutron diffraction confirmed the single-phase char-
acter of the samples. The INS experiments were performed
using the low-resolution-medium-energy chopper spectrom-
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FIG. 2. Energy spectra of neutrons scattered from EGBgO; energy transfer [meV]

at T=20 K, E;=50 meV, and average angle=12.5°. The solid
line corresponds to the fit and the dashed line represents the indi- FIG. 4. Temperature dependence of the energy spectra of neu-
vidual transitions which are as in Fig. 1. trons scattered from EuB@u;Og 1. The line is a guide to the eye.
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EU*" in EuBaCu0,. The dashed line corresponds to tfig, to
. ’F, transitions, the dotted line to tH€ , to ’F, transitions, and the
FIG. 5. Energy level scheme of Eliin EuBaCu;0, (x=7 and  solid line to the total calculated intensity derived from the model as

6.1 for the three lowesd multiplets. The labels correspond to the explained in the text: upper part, EufanOgqq; lower part,

transitions shown in the figures, in particular, the laBel(D*) EuBa,Cu;0;.

corresponds to several transitions between the first exéite@nd

the ’F, CEF-split multiplets. . , . .
2 P P states within théF, first excited multiplet. The energy level

eter(LRMECYS) at the Intense Pulsed Neutron Soufd&NS) scheme f_or the three Iqweéstmultipllt_ats are shown in F;g. 5.

at Argonne National Laboratory. The incident neutron en-1he relatively strong dipolar transitions betwelén and’F,

ergy was chosen to be 50, 60, 80, or 120 meV. The samplegEF'Sp“t mulUpIets_can be determined by populgtmg the
were enclosed in flat aluminium containers and then attachegfates of théF, multiplet at room temperaturesee Fig. 6.

to the cold finger of a closed-cycle refrigerator to achieveHowever,. the_|n_d|V|d.uaI states cannot be resolved and there-
temperatures of 20 and 300 K. The raw data have been cof2r€ provide limited information. _

rected for detector efficiency by standard procedures. The The splitting between théF, and the center of gravity of
energy-dependent absorption has been measured and wh€ 'F1 multiplet is 39.5-0.3 meV, distinctly smaller than
found to be negligible, confirming the high enrichment of the®XPected from a comparison with Eu in other oxides, sul-
153 isotope. To obtain the magnetic response function oPhides, and calcogonides, where the splitting is generally in
Eu alone, the nonmagnetic contribution to the background

was subtracted from the data. This background was esti- TABLE I. Averaged energy separation between figand’F,
mated using spectra obtained from the same number ofiultiplets for Eu in different host crystals.

moles of YBgCuO,, and also the spectrum of an empty

sample container. Averaged energy separation
Compound between’F, and 'F, (meV)
lll. RESULTS EUF; (Ref. 29 45.6
Energy spectra al =20 K are shown in Figs. 1-3 for Eu(OH); (Ref. 28 46.8
EuBaCu;0;, the superconductor, and Euar0g 4, the in-  EwO; (Ref. 28 46.2
sulating parent compound. Three and two well-resolvedEuvVO, (Ref. 28 44.9
peaks are observed for the high and low oxygen contenEuPQ (Ref. 28 46.0
compound, respectively. The magnetic origin of these peakBwAls0,, (Ref. 28 43.3
is established by comparing the spectra with those obtaineBu,Ga;0,, (Ref. 28 43.2
from the non-magneti¥ analogue, as well as by their inten- Cs,NaEuC}; (Ref. 28 44.6
sity dependence on temperature, as shown in Fig. 4 foruPdSi, (metal, EU?7) (Ref. 21 38
EuBgCu;0;. These peaks can be assigned to transitionguBaCu,0, (this work) 395

from the 'F, ground multiplet to the individual CEF split
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TABLE Il. Averaged energy separation between ﬂﬁ% and  where Bg corresponds to the CEF parameters aihg(i)
’Fy multiplets for the Eu CEF potential from tiRBa,Cu,0, host.  corresponds to spherical tensor operators of fiendepen-
The higher-order CEF parameters from tR8a,CusO, host are  dent on theith electron. The correction Hamiltonian, which
B§=—332 (meV), B3=4.5 (meV), B{=1.85 (meV), B§=53.2 includes several higher-order terms, is explained in detail
(meV), BS=—3.9(meV), B§=213.2(meV), andBg=—0.4(meV).  g|sewherd” The computer code used to determine the dif-

The other parameters can be found in the text. ferent parameters is described by Crosswhite and
— : Crosswhite"’

CEF Spin orbit/Slater integrals Energy separaioreV) Although, to first order, the splittings of thé&, and 'F,

None Eu:Lag/EuLaR, 47.4 multiplets involve only' the second-order CEF parameters
EuBaCu,0, Eu:LaR/Eu:LaR, 42.0 and £;, the other free-ion parameters and the higher-order
None EuBaCwO./Eu:LaF, 44.9 CEF_ parameters must be included in the fitting in ord_er to
EuBaCu0;, EuBaCuO/Eulak, 395 obtain reasonable values for the pa_rameters. The higher-
EuBaCuO;  As a function ofR 40.2 order CEF parameters can be approximated by trends across

the serie¥ and are typified byR=Ho.° The extrapolated
CEF parameters were obtained by multiplying the param-

the range 44—48 meYRef. 16 (see Table)l Notably, this  eters from the other rare earths by the ratiog,) e /(r n)r
splitting is 47 meV for Eu:Lak;, the compound from which Where(r,,) correspond to the mean radial value{§F av-

the free-ion parameters have been extracted for use in tensgfaged over the atomic wave functiofiBable 1).™ It is
operator calculations. To first order, the experimentally obknown that this ratio overestimates the effects of the lan-
served energy splittings are determined by the spin-orbit pathanlde con'tractlon, and therefore an additional ant|sh|eld|ng
rameter(determining the'F, to 'F, intermultiplet splitting ~ Parameter is added for each tensor rank. We decided for
and two crystal-field parametei83 andB3 for orthorhombic ~ Simplicity to follow the method previously described by
symmetry (determining the’F, intramultiplet splitting. In ~ Goodmanet al™ for dealing with this proble7m. _

addition, the excited transitions between fffe, and /F, _ The small energy separation of tig; andF, multiplets
multiplets give further spectroscopic information for a deter-in EUB&Cw0,, relative to the separations found in other

mination of the spin orbit and the fourth-order CEF param-materials, can be seen from Table I. The small value for
eters. EuPdSi, is proposed to originate from the intermediate va-

lence character of E(EW?"").2! The energy separation be-
tween multiplets arises primarily from the free-ion contribu-
tions. However, even using the free-ion parameters for
For the analysis of the experimental results a HamiltonEu:LaF; (Ref. 14 (see Table I, the average energy separa-

IV. CRYSTAL-FIELD AND FREE-ION INTERACTION

operator of the form tion between theF, and ‘F; multiplets is reduced to 42
meV. This reduced separation is a result of the strong CEF
H=Hg+HcegrtHeor (1)  potential of theRBa,Cu;O; host and originates from the ad-

. mixture of the wave functions from other multiplets, as
was used. Herel corresponds to the free-iohlcerto the  demonstrated in Table Il. However, an average separation of
crystal field, andH,, to a higher-order correction Hamil- 42 meV is not sufficient to fully explain the data. A decrease

tonian. The free-ion Hamiltonian is given as in the magnitude of the free-ion parameters, compared to the
fluoride host, is required for an adequate fit to the data. The
_ fact that the multiplet-energy separation does not depend on
He=2, fiFX+A 2 . :
F Ek: K sk @ the oxygen concentratiocompare Figs. 1 and)&xcludes

any significant influence due to the metéuperconductor
with parameter§* and; as Slater-Condon electrostatic and insulator transition. In other words, we do not observe a
spin-orbit integrals, respectivelfy andAgqrepresent matrix more efficient screening of the Coulomb interaction due to
elements for the angular parts of these electrostatic and spifthe presence of conduction electrons as has been previously
orbit interactions. The CEF Hamiltonian is given as suggested for Pr metal.

As shown in Eq.(2), there are four free-ion parameters
that must be considered when modeling the intermultiplet
separation, three Slater-Condon electrostatic parameters and
one spin-orbit parameter. Because we cannot distinguish be-

TABLE Ill. CEF parameters derived from EuBau,0; and  tween changes arising from electrostatic interactions and
other RBa,Cu;0; compounds including thér?") scaled values for  those from spin-orbit interactions, we require a model to cor-

HCEF=qui BE[CK(I)+C* ()], &)

Eu. relate  some of these parameters. The hydrogenic
approximatiof’ relates the three Slater integrals to each
Ho Er Nd Gd other, reducing to two the number of independent param-
x=7 Eu (Ref.9 (Ref. 8 (Ref.249 (Ref 29 eters. Recently, it was argued that the spin-orbit parameter
BZ(meV) 49+1 422 3342 61+3 51 and the Slater integrals vary Iir;%arly with the average dis-
BZ (meV) 51 1941 11+2 342 11 tance of the nearest-neighbor shéll,
x=6.1

B3 (meV) 34+1 17+2  16+1  58+3 R=>, niRi/E n. (4)
i i
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TABLE IV. Coefficients of radial integrals times 4@ the neutron-scattering cross sections of CEF-split
intermultiplet transitions in EuB&u;O,. The labelsa, b, c, etc., correspond to the same as in Figs. 10 and

11.

E (meV) Cut o cil czt  cil c4s cése
35.7 78.062 —104.501 35.672 0.459 0.713 0.048 0.272
38.5 74.095 —97.934 32.926 0.387 0.685 0.046 0.256
44.4 68.578 —90.158 30.922 0.807 0.751 0.032 0.344
87 0.055 0.041 1.926 0.169 0.037 0.000 0.104
87 0.005 0.062 2.030 0.212 0.032 0.001 0.132
92 0.000 —0.015 1.935 0.201 0.030 0.000 0.131

168 0.016 0.032 3.192 0.008 0.020 -0.032 0.024
180 0.000 0.000 3.431 0.000 0.030 —0.032 0.028
221 a 0.000 0.016 6.675 2.518 0.877 —0.028 0.231
221D 0.001 0.066 6.535 2.596 0.893 —0.019 0.246
234 0.002 0.103 5.129 1.740 0.656 —0.022 0.462
241 0.081 0.060 7.456 5.026 1.131 0.033 0.413
252 a 0.082 0.069 7.840 5.452 1.146 0.035 0.310
252 b 0.001 —0.009 7.647 5.286 1117 0.039 0.140
274 0.002 —0.005 8.383 5.242 0.867 0.003 0.045
278 0.000 0.000 0.040 0.022 2.991 0.000 0.343
348 5.414 8.711 5.660 2.005 3.046 0.068 0.168
353 a 6.329 9.705 6.002 2.083 2.988 0.046 0.450
353 b 6.065 9.884 6.057 1.875 3.010 0.038 0.463
390 a 0.000 0.000 0.172 0.131 3.754 0.108 0.175
390 b 0.000 0.000 0.661 0.653 3.257 —0.001 0.051
390 c 0.019 —0.006 0.465 0.350 3.212 0.040 0.143
390d 0.007 —0.012 0.409 0.282 3.229 0.036 0.140
390 e 0.000 0.000 0.002 0.001 3.843 0.138 0.167

Using data obtained from neutron diffraction in this relation,second-order CEF parameters decrease by as much as 50%
we obtain a valu®k=2.4 A. This value ofR can be used to when going fromx=7 to 6.1, whereas the other parameters
obtain a spin-orbit parameter ¢gf=162.4 meV and a free- do not change by more than 10%xcept those which vanish
ion parameteF2=10242 meV. The ratio*/F2=0.713 and due to symmetry This change in the magnitude of the
F®/F2=0.512 were fixed at the values obtained forsecond-order parameters as a function of oxygen content,
Eu:LaR;.!* The spin-orbit parameter of 162:4 meV is is larger for the heavier rare earths, and has almost vanished
comparable to the value of 1638 meV obtained from fit- for R=Nd. This is consistent with the observation that the
ting the energy level scheme and only slightly smaller tharorthorhombic distortion increases with®® The values oB3
the value of 165.9 meV previously determined for Eu:l.aF determined here for Eu are consistent with these trends. The
The energy splittings derived from the use of Ed) are  results indicate that the differences of the local charge distri-
similar to those derived from fitting the spin-orbit parameterbution between the low and highly oxygenated samples is
alone, and both models are in reasonable agreement with tharger for the heavier rare-earth ions than for the lighter rare-
observationgsee Table Ill. The best fits from the various earth Nd. This result may explain why f&=Nd the super-
models are compared in Table Ill. We conclude that the reeonducting transition temperatufie, decreases much more
duced average-energy separation between th&gand’F;  rapidly while reducing the oxygen content, sample than
multiplets in EuBaCu;0, arises primarily from the mixing for a similar oxygen reduction in the heavier rare-earth
of wave functions from the differend multiplets by the samples?
strong CEF potential. In addition, a slight reduction of the
Eu:LaF; free-ion parameters is necessary, and arises from the
“small” average distance of the neighboring oxygen shell.
The second-order parameters obtained for BIBGO, The calculation of theQ dependence of the CEF-split
are within the range expected based on previously publishegtermultiplet transitions have been done within the frame-
values for studies of variolR (see Table I1.57*°As a func-  \work introduced by Balcar and Loves&y.The powder-
tion of oxygen content, the CEF potential exhibits changegyeraged|Q|=Q) neutron-scattering cross section of a tran-
reflected by the changes of the observed energy levelition petween the statgs and v is proportional to
scheme$? It is well known that when reducing the oxygen
content fromRBa,Cu;0; to RBa,Cu;Og, there is a transition
from the superconducting into the insulation state followed do
by an orthorhombic to tetragonal structural transition. The dQdw

V. HIGHER MULTIPOLAR TRANSITIONS

%,G(Q; ) Shw+E,~E,). ®)
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FIG. 9. Calculated) dependence of the transitions from tifig,
ground state intdF, multiplet of EF" in EuBa&Cws0O,. The dotted
lines correspond to the individual transitions around 90 meV, the
dashed lines to the individual transitions around 170 meV, and the
solid line to the pure intermultiplet transition per final state.

Here, p, corresponds to the population factor of the state
o(ho+E,—E,) to the energy conservation law, and
G(Q; u,v) to the inelastic structure factor. The inelastic struc-
ture factor can be expressed as

FIG. 7. Q-dependence of the transitioAs+ B (solid circles and
C (open circley from the ’F, ground state into the CEF-spiiE;
multiplet of EF" in EuBa,Cu,0; (upper part, andA* andC* in
EuB&Cu;Og 4 (lower par}. The dotted line corresponds to calcu-
lated individual CEF-split transitions and the solid lines to the pure
intermultiplet transitions normalized to the degeneracy of the tran-
sition.

G(Q; 1,0) = C2(Jo(Q))2+ CO2(35(Q))(J(Q))

+C22(3,(Q))?+C2%(3,(Q))
X(34(Q))C(I4(Q))2+C1%(14(Q))

X(Js(Q))+Co8(Js(Q))?, (6)

whereC¥ , are constants that depend on the wave functions
of the two states. Th&-dependent radial integraldy (Q))

are given by
+3 .
Eu™ in EuBa,Cu,0, — 221 mev
0.005 [ T T T T ----- 234 meV
-0 - I— —----241 meV
400}_ = J=0-J=3 /N | 252 meV
s J=4 £ o004 [ - — -274mev
ssof J=4 & —— il
- @ [ ]
300+ 3 0003
F : o 0002 -
|72 - ® [
§ 200 E
B -g 0.001 | .
% 150'5- J=2 J=2 [ -
1001 o L.
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50-:- —— J=1 Q [A1]
X J=0
o+ J=0

FIG. 10. Calculated) dependence of the transitions from the

Fo ground state intdF 5 multiplet of E?** in EuBaCugO;. The

FIG. 8. Energy level scheme of Eliin EuB&CW,0;. The left
side corresponds to the free-ion splitting of thenultiplets and the
right side to the CEF-splid multiplets.

dashed lines correspond to the individual transitions grouped
around the energies shown in the legend and the solid line to the
pure intermultiplet transition per final state.
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The first calculations of the inelastic structure factor in-
; ] cluding the CEF potential were performed on the CEF-split
0.06 % J=0 - J=4 ] ground-state multiplet in Pr metal because of the simple-

0.07 —

*§ -\ S48 mey ] cubic symmetry’ It was shown that higher multipolar con-
v 005 \ 358 mev ] tributions are very small, compared to the total scattering
] : \ ] cross section, and could barely be observed by INS. It was
3 0.04 \\ 1 also clearly shown that faD #0 there is a honzero contribu-
@ 003 F 1 tion to all the transitions, even those that are dipole forbid-
-% I \ ] den. Different INS studiés have shown that transitions be-
$ 002 \ ] tween different multiplets may have significant higher
= : A\ : multipolar contributiong®
0.01 - \ 7 The calculated inelastic structure factor for the CEF-split
o F T . ] F, to 'F, intermultiplet transitions are compared with the
r N L \ I observed spectra for the high- and low-oxygen content
0.0007 [ |~ ~ 278 meV ] samples in Fig. 7. These transitions are strongly dominated
o R 390 meV \ ] by their dipolar contributions. The admixture of the wave
| —— J purero \ ] functions from higher-lying multiplets results in a slight

change of theQ dependence due to small changes of the
coefficients C; ,, which are tabulated in Table IV. The
strongest influence is a small reduction of the overall transi-
tion probabilityC? ,.

The energy-level scheme for the five lowdsmultiplets,
calculated on the basis of our CEF analysis, is shown in Fig.
8. The calculations of the inelastic structure factor for the
CEF-split transitions between tH&, to 'F,, 'F5, and 'F,
mutliplets are shown in Figs. 9—11. The correspon N
coefficients are also listed in Table IV and the values for the
pure intermultiplet transitions in Table V. A comparison of
the calculated) dependences of the transitions for the fully
CEF-split model with those determined with the pure qua-
drupolar intermultiplet mode{without CEB, shows an en-
Hancement, by as much as a factor of 2—4, in the cross sec-
fions of the CEF-split transitions betwe&f, and ’F,. In
addition, some of these transitions exhibit a small dipolar
contribution due to the mixing of the wave functions with
. those from other multiplets. In contrast to the calculations for

<J|<(Q)>:f (2£2(r)J(Qr)dr, K=024..., (7) the ’F, to ’F, transitions, the effect on th& to 'F; CEF-
0 split transitions is exactly reverseg@rig. 10. In the latter
case, the pure intermultiplet transition is distinctly stronger
whereJi(Qr) is a spherical Bessel function of ordérand  than the CEF-split transitions, which are reduced by 20-
f(r) is the normalized radial part of the one-electron wave60 %. Again, a few transitions exhibit a small dipolar contri-
function. The{Jx(Q)) values have been tabulated for all the bution.
rare earths by Freeman and Descfiwsing relativistic free- The ’F, to 'F, transitions exhibit a totally different be-
ion wave functions. For this work, we have employed thehavior. As can be seen from Fig. 11, three of the CEF-split
polynomial approximation introduced by Brown to describetransitions have a strong dipolar contribution. This contribu-
the radial integrald’ We note that the structure factor for a tion shows a distinctly differen dependence than tHe,
transition within the lowest-lyingl multiplets is accurately to 'F transitions. They decrease less with increagih@nd
described by the form factor squared. In other words, byshow a rather conventional form-factor behavior. Such be-
assuming that the constarﬁi,v do not depend on the states havior probably originates from an admixture of wave func-
M, andv andcﬁyuzo for k=2. The inelastic structure factor tions from different] multiplets, but with the same quantum
can then be written as

inelastic structure factor
(=] o (o] o o
(=] [ (=] (=] (=]
(=] Q [« Q (=]
(=] [=) o (=] (=]
N w S (4] [o)]
T

0.0001 |

QA"

FIG. 11. Calculated) dependence of the transitions from the
F, ground state intdF, multiplet of E?** in EuBaCuO,. The
dashed lines correspond to the individual transitions located closel
around the energies shown in the legend and the solid line to th
pure intermultiplet transition per final state. The lower part is the
same figure as the upper part, except an enlargement gfsbale.

TABLE V. Coefficients of radial integrals times 40n the

. ) 2 neutron-scattering cross sections of’Edfor pure intermultiplet
G(Qiuv) =1 (Q)MW” transitions fromJ=0to J’ (1, 2, 3, and %
where f(Q) is the form factor andV,, is the transition co0 Q02 C22 24 A4 46 (66
probability between the two states, e.gy{u|J, |v). In ad- 3 3 ) L L T — L
dition to using the CEF potential in the calculations of thel  66.667 —111.111 46.296 0 0 0 0
inelastic structure factor, which give rise to a state depending 0 0 1.111 0 0 0 0
K .

C,., due to the dlffere.mL,S,J,M. quantum numbers for_ 3 0 0 11.338 6.803 1.020 O 0
each state, effects of higher-multipolar origin were also in-4 0 0 0 0 2525 0 0

cluded. In other words, th€'; , were extended out th=6.
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numbersL, S, andJ in both the initial and the final states. fects. First, the strong CEF interaction mixes the wave func-
The other transitions are also expected to show some vemyons of states between different multiplets which leads to a
interesting behavior. Each of these transitions exhibits a difreduction of the energy separation. Second, the free-ion pa-
ferentQ dependence due to the distinctly different contribu-rameters are slightly reduced, which could be understood by
tions of the coefficient€ ,waith the samek (see Table Y. assuming a linear behavior with the average distance of the
They are all enhanced compared to the pure intermultiplebearest-neighbor shell. Th@ dependence of the different
transition. Therefore, an experimental determination ofQhe dipolar and higher multipolar CEF-split transitions are calcu-
dependence of these transitions would not only allow an unlated, and where possible, compared with the observations.
ambiguous assignment to the transitions but also would treFor the transitions between tH&, and the’F, CEF-split
mendously increase the experimental information whichmultiplets, distinct differences in th@ dependence between
could remarkably improve the reliability of the determined the different excitations is anticipated. Some of these transi-
CEF potential. tions are expected to have relatively strong dipolar contribu-
tions.

VI. CONCLUSIONS
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