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We have studied the wave-vector dependence of the magnetic excitation spectrum of Nd in
Nd,_,CegCuQ, (x=0,0.13) and of Pr in Req,4LuU0, by inelastic neutron-scattering experiments on
single crystals. The results are analyzed with the help of model calculations which are performed in the context
of the mean-field random-phase approximation. This enables us to obtain direct information on the coupling
constants between the rare-earth ions. The exchange couplings between the Pr ipgE€i R€uG, turn out
to be slightly reduced compared to the ones in the undoped parent compo@uOpRrin Nd,CuO, we
observe a dependence of the coupling constants on the initial and final state that is involved in a crystal-field
excitation. Furthermore our results indicate that the interaction of the Nd spins is opposite to the ordering
enforced by the Nd-Cu exchange. We argue that this will lead to an instability of the Nd ordering in the
Ce-doped systems which might be important for the onset of highlues.[S0163-1827)03302-X]

I. INTRODUCTION neighbor exchange constants of 3B meV for R=Pr
(Ref. 30 and 108:6 meV for R=Nd.2! The xy anisotropy
The R,_,CeCu0, (R=Nd,Pr, 6sx<0.2 compounds and the biquadratic in-plane exchange are expected to lead to

have been the subject of intensive investigations since thgPin gap¥ which have been observed at about 2 and 6 meV

discovery of superconductivity in some of theseOr R=Prat10Kand atabout 12 and 14 meV frNd at

2 . - . g .
substance$? The superconducting transition occurs in a nar The rare-earth magnetism on the other hand is essentially

rogv doping rang_e{O.lBsst.la with a highesfT; of ~24 it rent forR=Nd and Pr, respectively. F&t=Pr, the crys-

K. Forl3=Pr, this range has recently been extended down t@yline electric-field (CEP potential decomposes thi=4
x=0.04. Both systems are well suited for t.h(.a '“VeSt'gat'or]ground-state multiplet into a singlet ground stag)( a first

o_f fundamental properties of superconductivity d.ue to th?'fexcited doublet at 18 meVI() and various other excited
simple tetragonal crystal structure where the Cu ions exhibiktates around 80 meV tT,,I',.I'5,T5).3 3 The magnetic
square-planar coordination to oxygesee Fig. 1, left Due  moment on the Pr site is quenched by the CEF interaction
to the magnetic moments on Cu and on the rare-earth iongue to the nonmagnetic singlet ground state. The Pr-Cu ex-
these compounds show a variety of interesting magnetiehange interaction induces, however, a small moment on
properties. The ordering of the Cu spins has been studieBr!® The exchange interaction between the Pr ions leads to a
extensively by magnetic-susceptibility measureméiseu-  significant dispersion of th€ ,-T's CEF excitatiort In the

tron diffraction® % and uSR experimenté*?® In the un- Nd compound, we are confronted with a more complicated
doped substances, the Cu spins order at a temperature wfagnetic behavior. The tenfold degeneracy of #e9/2
about 280 K in a noncolline&t?°spin structure with propa- ground-state multiplet is split by the CEF potential into a
gation vectorg=(1/2,1/2,0). FoR=Nd, two Cu spin reori- magnetic ground-state doublel' V) and four Kramers
entations occur a&=70 and~30 K. ForR=Pr, no such re- doublets at 14 meV I{;Y)), 21 meV [?), 27 meV
orientations have been observed with neutrons, ifI';?), and 93 meV [®).36-4! Specific-heat measure-
disagreement withuSR measurements where such transi-ments indicated ordering of the Nd spins at a temperature of
tions have been proposed to occur-a110 and~40 K.  about 1.5 K*?~* However, it is not correct to talk about a
Upon Ce doping, the Cu ordering and spin-reorientation temNd ordering temperature. The order of the Nd moments
peratures decrease. No Cu ordering is observed#00.14  gradually builds up over a large temperature range as re-
for R=Nd and Pr. The Cu spin dynamics in both compoundsvealed by neutron-diffractidi®® and x-ray magnetic
seem to follow a simplexy model with in-plane nearest- scattering'® This can be explained by a Cu-Nd exchange
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- gy FIG. 1. Left: Crystal structure oR,CuQ,
with the variousR-R exchange constants indi-
cated. Upper right: Brillouin zone of the body-
centered-tetragonal lattice. Lower right: Brillouin
zone of the tetragonal lattice corresonding to the
noncollinear magnetic structure of the Nd spins
in Nd,CuQ,.

interaction which creates a staggered magnetic field at theoth vertically bent. The collimation used was
Nd site. The splitting of the Nd ground-state doublet induced30'-30'-40'-40". On IN3 we used a vertically bent copper
by this magnetic field mainly explains the observed Nd(111) monochromator and a horizontally bent grapti@2)
ordering?” The Nd-Nd exchange interaction gives only aanalyzer. A converging supermirror guide was installed be-
small contribution to the Nd orderin”ﬁ.ln the millikelvin tween monochromator and sample. On both instruments
temperature range one moreover observes a hyperfingigher-order contamination was reduced by using a pyrolitic
induced polarization of the nuclear spins of tHeNd and  graphite filter. The final energy was fixed at 14.7 meV. The

: 9
"Nd isotopes. platelike NdCuQ, single crystal(~1 @ with a mosaic

Upon Ce doping, long-range magnetic order c.’f Nd is Ob'spread of less than 0.3° was mounted in an Orange He cry-
served up tox=0.13. Short-range order persists up to

—0175 At | T=03 K ific-h ostat and kept at a temperature of 4 K. At this temperature
x=0.17"" At low temperatures(T<0. . ), Speci ic-heat  yhe Nd moments are in a paramagneticlike state because they
measurements show for=0.1 a large linear term with a

- — i) = 51 1 are only weakly polarized by the Nd-Cu exchange interac-
hugey cogff|C|ent(4 J K™ Mol /Nd fqr x—.O.2), Wh.'Ch tion. In order to measure the dispersion along all three high-
has been interpreted as a heavy-fermion-like behavior. Sev- o )
eral models have been developed to explain thissymmetry .d|rect|ons', we .had to perform th.e expepments
behavior?>~> The common feature in all these calculations With two different orientations of the sample; one with the
is the assumption that the large linear term arises from th&00 @xis vertical and one with the 110 axis vertical.
interaction of the strongly correlated electrons in the copper- ONlY two of the four ground-state transitions were ob-
oxide plane with the Nd ions. In these models, the Nd-NgServed in these experiments. The transition-aé meV has
interaction has been neglected. a very small matrix element and could therefore not be de-

It was the purpose of our Study to investigate in detail théected. The transition at93 meV iS out of reaCh for a thel’-
magnetic excitation spectrum of the Nd ions in8d0, in mal neutron spectrometer. We therefore focused on the tran-
order to obtain information about the Nd-Nd exchange intersitions at~21 and~27 meV. There was some controversy
actions. Moreover we investigated the variation of the exdn the literature about the symmetry of these two CEF levels.
change interactions upon Ce doping in B€e, 1/CuQ, and  One group claimed that the level at 21 meV hd%and the
Nd; g/Cey 14CUQ,. Parts of the results have already been pub-one at 27 meV &' representatiof®®>’ Another group how-
lished in two short contribution$:>® In Secs. Il and Ill we ever recently assigned the level at 21 me\'toand the one
describe the experiments on a JAWO, single crystal. In  at 27 meV to al'y symmetry>’ Because the ground-state
Sec. Il we moreover show some preliminary results of ex-doublet had" s symmetry, the two cases represent different
periments on Ce-doped NgCe ;LuQ,. In Sec. IV we polarizations for the two CEF transitions. This controversy
present the results of the determination of the dispersion ofvas resolved by a Raman study of intermultiplet crystal-field
the I',-T's Pr CEF excitation in RrgCey 1.CuUQ,. Our find-  excitations in NgCuQ,,*! where it was found that the level
ings are discussed in Sec. V. at 21 meV has d’g representation. It was argued in that
paper that the major difficulty of neutron scattering in deter-
mining a set of CEF parameters is the limited number of
detected levels. We will however show that inelastic
neutron-scattering experiments on single crystals give

The experiments were performed on the triple-axis specenough information to unambiguously determine the symme-
trometers IN8 and IN3 at the high flux reactor of the Institutetry of the different excitation levels. The neutron cross sec-
Laue-Langevir(ILL ) in Grenoble, France. On IN8 we used a tion for the scattering from the single-ion CEF excitation
copper(111) monochromator and a graphit@02 analyzer, |T',)—|T',) is given by®

Il. DISPERSION OF THE Nd CEF EXCITATION
IN Nd ,CuO,
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FIG. 2. Energy spectra of neutrons scattered froraQuiD, at 4 FIG. 3. Energy spectra of neutrons scattered from@D, at 4
K for two differentQ positions. K for two differentQ positions.
5 2 magnetic moments of the rare-earth ions are exchange
d“o =N Eg r KFZ(Q)exp{—ZW(Q)}p coupled. Figure 3 shows a measurement at two different po-
dQ dw 2970) 7 T sitions in reciprocal space. It can clearly be seen that the

transition at 21 meV shows a pronounced dispersion, while
no g dependence can be detected for the transition at 27
meV. We therefore focused our attention on the former tran-
sition and measured its dispersion along the three main sym-
@ metry directions. Because the scattering from this transition
whereN is the total number of magnetic iongjs the Lande is zero forQ=(00l) we had to determine the dispersion for
splitting factor, y is the gyromagnetic ratio of the neutron, the [001] direction at (11) positions. Figure 4 shows the
(5=I2— k' is the scattering vector witk andk’ the wave results of these measurements at four diffe@ntectors. At

vectors of the incoming and scattered neutron, respectivelﬁeveral positions we observed significant line broadenings

5L . s and line asymmetries which indicate the presence of two
F(Q) is the magnetic form factor, and exp2W(Q)} is the excitation branches. We therefore fitted the data with two
Debye-Waller factorEFn and Pr,

denote the energy and the 5 ,ssjan lines, keeping the linewidth constant according to
Boltzmann population factor of the CEF levidl,)). J* (¢ the experimental resolution. In Fig. 5 we show the resulting
=X,Y,z) stands for the Cartesian component of the total anintensities of the two different branches(afl) positions. It
gular momentum operator. can be seen that the two branches continuously interchange
A transition between twad'g levels has longitudinal char- intensity. The scattering of the two branches is maximal at
acter, i.e.{n|Jy ,Jm)=0 and(n|J,/m)#0, whereas a transi- (110 and nearQ~(112), respectively. Moreover when
tion between d'g and al'; level has transverse character, changingh or k and keeping equal to 0 or 2, we did not
L.e., (n|J,y|m)#0 and(n|J,|m)=0. The polarization factor gpserve any line broadening. This indicates that the relative
(1-Q2%/Q?) in formula (1) allows these cases to be distin- intensities of the two excitation branches depend amly,
guished. Figure 2 shows a measurement at two different pan agreement with theoretical findings as shown later. There-
sitions in reciprocal space. It is obvious that the transition atore, to determine the dispersion along fi®0] and [110]
21 meV has longitudinal character because it cannot be ofgtirection for both branches, we performed scans het0)
served forQ parallel[001]. The transition at 27 meV onthe and hk2) positions, respectively. In Fig. 6 we show the
other hand has transverse character. It follows that the leveheasured dispersion of the two excitation branches along the
at 21 meV corresponds to Bg representation, while the three main symmetry directions. Because the measurements
level at 27 meV hag’; symmetry. were performed in the paramagnetic state of the Nd spin
Inelastic neutron scattering on single crystals does nogystem, we use the Brillouin zone of the chemical Nd sub-
only give information on the polarization of the CEF transi- |attice for the description of the positions in reciprocal space.
tions, but it also measures directly thedependence of the Figure 1(upper righi shows the Brillouin zone of the direct
energies, where we defing by Q=g+ 7 with 7 being a  body-centered-tetragonal lattice.
reciprocal-lattice vector. Such a dependence occurs when the To describe the data we made use of the mean-field

2
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FIG. 6. Measured dispersion of tfig"-T's(? Nd CEF excita-
tion in Nd,CuQ, at 4 K (circles: 1=0, squaresi=2). The lines
correspond to the RPA model calculation.
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coupled from thel¢(V)-T'¢(?) excitation because of the dif-
ferent polarizations. The contribution of the transition at 93
; meV is also insignificant because of the large energy differ-
120 FrHHHHHHHH S ence and the small matrix element. We can therefore calcu-
100 (1122 E late the dispersion individually for thE¢M-T'4(?) doublet-

3 doublet excitation. Due to the Cu-Nd exchange field, the
ground-state doublet is split by about 0.5 meV, whereas the
doublet at 21 meV is split by about 0.3 meV. Only two of the
four possible transition matrix elements between the two re-
sulting ground-state singlets at 0 an@®.5 meV and the two
excited singlets at-21.2 and~21.5 meV are nonzero. We
are left with two singlet-singlet transitions with an energy
difference of about 0.2 meV. Within the spectrometer reso-
lution, however, we cannot distinguish these two excitations.

FIG. 4. Energy spectra of neutrons scattered fromQu, at 4 ~ Because both excitations are expected to have the same dis-
K for different Q=(11). The lines are the result of least-squares P€rsion, we can describe our data in the framework of a
fits as explained in the text. singlet-singlet transition.
Because of the two-ion basis of the Nd we assume the
random-phase approximatiGiRPA) model, see, e.g., Ref. spin Hamiltonian to have the following forfi:®!
59. In principle, one has to include the complete CEF level
scheme in the calculation of the dispersion of the c . s = e .o
I'sW-T'@ transition. The transition at 14 meV has, how- H:Z Vi _gj J(ri—r,-)Ji~Jj—§k I (ri=rdi-dic,
ever, a very small matrix element and gives therefore a neg- )
ligible contribution to the single-ion susceptibility. The
I'¢M-I'7Mand thel's™-T';(*) transitions are moreover de- whereV? is the single-ion CEF potentiall(r; —r;) are the
intrasublattice exchange constants, dn¢f;—r,) are the in-
1.2 e e e tersublattice exchange constants. In the paramagnetic state,
A ] at low temperatures, this leads to the following expression
for the energy dispersion of a singlet-singlet CEF

excitation®®-51

40 F
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where A is the CEF splittingM =|(I'{"|J,|T{))|=2.60 is
the transition matrix elemend{q) andJ’(q) are the Fourier
transformed coupling constants between ions of the same
and of different sublattices, respectively, and+1 denotes
the sign ofJ’(0).

FIG. 5. Measured intensity of the acoustic branck14t) posi- The + and — sign in Eq.(3) corresponds to the acoustic
tions, normalized to the total magnetic scattering. The line correand optical branch, respectively. The scattering intensity of
sponds to the RPA model calculation. the two branches is proportional’t¢°

0.0 |

I\\IIIIIIIIV\IIII\l’!lll}ll\\llll\III1:
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M (0.5 0.5 OH

1cM2A2Y, (1-Q?)[F(Q)]¥1+cog ¢)}/E(G), (4) o

where F(@) is the N&* magnetic form factor, and the

phase ¢ is defined through J’(Q)=J'(G)exp(izp) Z,

=1|J'(q)lexp(—i¢), with 7 being a reciprocal-lattice vector =z

andp being the vector connecting the two sublattices. g 0
This model gives a very good description of our data. In g 6

Fig. 1 we indicated the coupling constants that were included
in the fit procedure. The line drawn in Fig. 6 corresponds to :
the calculated dispersion. The model predicts that the inten- 5 L
sity ratio between the acoustic and the optic branch changes
only if | changes, as observed in the experiments. The inten- ol— . ' '
sity ratio between these two branches along[Ol] direc- 02 04 06 08 10
tion agrees perfectly with the measurements, as shown in enerey transfer {meVl

Fig. 5. We derive the following coupling constants for this  F|G. 7. Energy spectra of neutrons scattered froQNID, at

CEF excitation: T=50 mK at two differentV points.A stands for the acousti€
for the optic excitation. The lines are the result of a least-squares
J1=—7%2 peV, J,=-19*1 peV, fitting procedure as explained in the text.
J;=—25+1 peV. . o
_ _ H=—2> SI(fi-f)S-2 hcsS. )
It is also obvious from Eq(3) why we could not observe i>] [

a g dependence for th&¢V-1',(2) CEF transition at 27
meV. Using the above exchange parameters avid
=|(T§P[3,,IT?)|=1.74, the resulting dispersion of less
than 0.4 meV cannot be determined with our experimenta]
resolution.

We assume a diagonal Nd-Nd exchange terisgr («,8
=X,y,2) where l,=1,,=I" and |,,=1" are different be-
ause of the anisotropy induced by the CEF potential. This
nisotropy is given by'/I* = (0|l 1)/ ( polIuyl 1)|?
~0.2, wherd ¢) and|¢,) denote the wave functions of the
split ground-statd¢*) doublet.h¢, is the Cu-exchange field
lll. Nd SPIN WAVES IN Nd ,_,CeCu0, (x=0,0.13 acting on the Nd pseudospins. At low temperatuies

We performed these experiments on the cold triple-axis< Tn[CU] it has the saturation value,,
spectrometer V2 installed at the reactor BER 2 of the Berlin We were able to obtain closed expressions for the spin-
Neutron Scattering CentdBENSQO. We used a vertically wave frequencies in the whole Brillouin zone for arbitrary
curved graphite(002) monochromator and a horizontally Uniaxial anisotropy of the exchange constants. The eight
bent graphit002) analyzer. A 40 collimator and a Be fil-  spin-wave modes consist of four acoustita} and four op-
ter, cooled by liquid nitrogen, were installed between monodical (O) branches. The latter should only be visible, if the
chromator and sample. No collimation was used betweetotal momentum transfe@=(hkl) has anl #0 component,
sample and detector. All scans were performed with a fixedvhile theA modes can have intensity also fer 0. To index
out-going energy of 3.5 meV. We used the sameQD, the magnetic excitations we used the reciprocal lattice of the
single crystal as in the experiment described in Sec. Il. A fewmagnetic unit cell which is obtained by\#® X 2 expansion
energy scans were performed on a Ce-dopedind 45° rotation of the chemical unit cell basal pldRig. 1,
Nd; gCey 14CUQ, single crystal. The samples were put into alower righg. We give here only the results of the calculation.
*He-*He dilution refrigerator insert and kept at a fixed tem- First we introduce the Fourier function§ of the exchange
perature of 50 mK. At this temperature the Nd spin order isiensor witha=1,| andk=r,s:
completely saturated. We performed the experiments with

two different orientations of the sample; one with the 100 19(6) = +1%— 21 % coq L6.) Fcog L8
axis vertical and one with the 110 axis vertical. (@)= =11-215{co8:G)=cos 26}

In Figs. 7 and 8 we show some energy scans performed F41%o09 20.)coq L0 ) +21%cog
on the NgCuQ, compound. Since the noncollinear antifer- 3€08 76008 2y + 215{c0t Ay
romagnetic(AF) structure of the Nd spins comprises eight +cog3qy)},
magnetic sublattices, one expects eight spin-wave modes. It (6)
is obvious from the spectra shown that the major problem in 12(§) = 2 @4 219/ cog %ﬁy)zcoi%f}x)}

the data analysis is the identification of the different excita-
tion branches. Such an analysis can only be performed b T Al U 1A 1~ @ A
including a model that predict)s/ the intensit)i/es ofeche di1‘ferenty =4l5c09,Gc08 56+ 213{cos )
excitation branches at different positions in reciprocal space. +cos(€1y)}

The model calculations were performed in the context of
a mean-field RPA approximation. For the present purpos@nd the function
only theT'¢(*) ground-state doublet is essential which can be R .
described by a pseudosps+ 1/2. We define the model by B(d)==8(S)I {15{cog 3q,) Fcog 34,)}sir(;0,), @)
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1 1 0 L
(S)=73tan m(hcﬁ'mf(S» (8)
with Ir,=17—413+417. Note that in Eqs(6) and (7) +

and = signs have to be chosen identically at each place
where they occur. Then we define

W (@) =A—(9)1%(d),
0 (@) =[0:(G ()]
0 () =[0(d) 0(d)]¥2

B(A)=[B"(d)B'(d)]12

C)

g Here A is the splitting of thel'¢() ground state due to the
3 combined Cu and Nd-exchange field. The latter is given by
8, I-«S). The splittingA corresponds roughly to the center of
2 spin-wave bands. For wave vectqrin the tetragonakb
g R i plane the eight spin-wave branches are simply given by
é 2+ 3 ¢ £ 4 cAuK(ﬁ). For generalq the g, dispersion enters through the
- oG sod A i B%(q) functions which mix the in-plane solutions,(q) to
B2 38 AN 5 the general solutio)(g) according to
9 : : : : Q)= H o (4)*+ 0l 4)% - B(9)
B E + 1 ® = 2—(,0 5212
8 002 [j‘{ ()2 wg() } 10
7 L 1 ~B(){,(0)*+ og(@)?)
6 F ] - BH(0)'(6)*~ B'(d) 0" (4)*]*2.
Equations(6)—(10) constitute the complete spin-wave solu-
5T — tion of the noncollinear eight sublattice AF with uniaxial
anisotropy. TheA-O splitting of modes is mostly determined
4 F . by I, and to a lesser extent bly, which couple the two
different chemical sublattices, wherebg 1, are couplings
3r . between various magnetic species of the same chemical
sublattice and contribute to the dispersion of spin waves. The
2T ] dispersion along theg, direction is caused by termsl,l,
} according to Eq(7). From these expressions we can derive
1 ¢3 43 s } I 7 the degeneracies of the spin-wave modes. They are identical
. . = LEF I for A,O modes and only the former will be giveh; point:
0 ' ' 2A(1),A(2); X point: 2A(2); M point: A(4); Z point:
0.2 0.4 0.6 0.8 1.0 2A(2); A point: A(4). Here the first number denotes the mul-
energy transfer [meV] tiplicity and the number in brackets denotes the degeneracy.

Furthermore along thd direction there are twgA and O)
FIG. 8. Energy spectra of neutrons scattered fromQu®, at  doubly degenerate modes which are completely dispersion-
T=50 mK at four differentl” points. For the scans with=0 the  |ess. Along theMA direction all modes collapse into two
intensity ratio was kept fixed according to the model calculation.gispersionless fourfold degenerateO modes as at th

The three acoustic excitations are denoted\py Az, andAs. Al point. It should be noted that the above spin-wave dispersion

the optic excitations are denoted by for generalg becomes much simpler for the isotropit’ (
=|1) case®?

whereq, = \2aq,, etc. Note thaty,, qy refer to the mag- For the case witH =0 the polarization vectors of spin-

netic Brillouin zone and tha represents the lattice constant wave modes can easily be obtained which also allowed us to
of the chemical unit cell. In addition th&" (a=_,1 and compute their structure factors whose explicit expressions
i=1-4) are the exchange constants between the Nd “psewwill be given elsewher& The calculated intensities turned
dospins” of theT'¢") ground state at various adjacent sitesout to be only weakly dependent on the size of the exchange
as defined in Fig. 1 where the extra couplihgused here parameters. In a first step we calculated the intensities with
corresponds to the in-plane diagonal Nd pa{iS}(<1/2) the help of the coupling constants obtained for hed
denotes the temperature-dependent Nd polarization to be de-I'¢?) CEF excitations. They have been used in the follow-
termined self-consistently: ing to analyze the intensity of the observed acoustic modes
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for I=0 momentum transfer. The intensities finally calcu-
lated with the coupling parameters for the spin-wave excita-
tions only differed by a few percents from these values.

In Figs. 7 and 8 we show the results at tleandI” point,
respectively. TheQ vectors are given in reciprocal-lattice
units of the magnetic unit cell. All the excitations were fitted
by a damped harmonic oscillator shape convoluted with the
resolution function of the spectrometer. The intrinsic energy
width was typically 0.03 meV. The model calculation reveals
that there are two fourfold degenerate excitations present at
the M point, an acoustic and an optic one. Fet0, only the
acoustic excitation should be detectable. F#0 the optic
excitation should appear in the spectra. We saw indeed that
both excitations are clearly visible 6.5, 0.5, 1. The optic
excitation is however already detectablg@b, 0.5, 0. We
found that for all the scans performed with O there is some o Lo vy L ]
scattering intensity visible at0.25 meV. We concluded that r A X M z r Az
this scattering is due to a flat optical excitation branch that [100] [110] [001}
can be detected fdr=0 because of the limite® resolution.

This interpretation is supported by the fact that experiments FIG. 9. Measured dispersion of the Nd spin waves in
on powder samples indicate the existence of such a flat exNd,CuQ, at T=50 mK. The lines correspond to the model calcula-
citation branch at~0.25 meV*° tion with the exchange constants given in the text. Note that the

At the T point the calculation shows that there are sixdispersion alond001] is slightly changed compared to Ref. 56
excitations present, two of them twofold degenerate. The inwhere the degeneracy Atwas not given correctly.
tensities of the acoustic branches strongly depend on the cho-

Energy [meV)

sen reciprocal-lattice vector. In the fits shown in Fige)8 J;=—32+2 peV, J,=—4*1 ueV,
8(c) we fixed the intensity ratio of the acoustic modes to the
calculated value. In this way it was possible to determine the J;=—-5*x1 ueV, J,=—3%1 ueV.

energies of the three acoustic modes unambiguously. As
mentioned before, in all these spectra we also detected an Finally, we show some preliminary results of our mea-
optic branch at-0.25 meV. As soon as we went to nonzero surement on a Ce-doped NgCe, 14CuQ, single crystal. In
|, for example(002), we could then detect a second optical Fig. 10 we compare a spectrum of this compound with that
branch. The excitations of the third optical branch were notaken on the pure N€uO, compound at the same tempera-
visible for any of the choseh ture and the same position in reciprocal space. The lines
For all the other points in reciprocal space we proceeded
in the same manner. Although we performed scans at over 60 8 prrT
different positions in reciprocal space, we could not com- 2
pletely determine the dispersion for all the branches. Due to
kinematic constraints, it was not possible to measuré at
values higher thar=4.5. Moreover, the intensity drastically
decreases for larg® because of the magnetic form factor of 4 b
Nd. s
The obtained information is, however, more than suffi-
cient to determine the four exchange constants that we in-
cluded in the calculation. In Fig. 9 we show the measured
and calculated dispersion relations. The resulting exchange
constantsli- and the splittinghoCu of the Nd ground-state 3 Nd, Ce, ,CuO,
doublet due to the Nd-Cu exchange are as follows: . ©015)

R N RS,
Nd CuO, ]
2 4 7

©015) ]

e
b .|???|?. A

intensity [arb. units]

+=-0.43+0.03 meV, I3=—0.06+0.01 meV, : '

l3=—0.07£0.01 meV, N

I4=-0.04-0.01 meV, h%,=0.63+0.03 meV.

9

-0.40 0.0 0.40 0.80 1.2

energy transfer [meV]

The exchange coupling$; obtained for pseudospins
S=1/2 can be transformed into the exchange couplifhgs
corresponding to the Hamiltonia(2) expressed in the total
angular momentum operatdr via J;=1;/4/{ ¢o| Iy y| #1)|? FIG. 10. Energy spectra of neutrons scattered fromQu@,
=1+/13.50. We then obtain for the exchange couplings ofand Nd g,Ce, 14CuQ, at 50 mK forQ=(0 0 1.5). The line corre-
the Nd moments the following values: sponds to least-squares fits as explained in the text.
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20 T T T T T

energy transfer [meV]
3
T
)

160 } t +—1 t +—t

F (15150) — 14 1 + L L L
2 /4 5 6/4 3 2 1
xx0) ©00x) x00)

120

momentum transfer [reciprocal lattice units ]

intensity [neutron counts/12 min.]

80 FIG. 12. Measured dispersion of the acoustic branch of the

I',-T's Pr CEF excitation in RrgCe LU0, at 10 K. The lines

40 correspond to the RPA model calculation as explained in the text.

the data treatment in the following way. We fitted the spectra
with three individual excitations with line shapes represent-
ing a damped harmonic oscillator line convoluted with the
energy transfer [meV] resolution function. The intensity ratio of the different exci-
tations was kept fixed according to the ratios established in
the experiments on powder samples. The result of this fitting
procedure is shown in Fig. 11. It can be seen that the energy
of excitationB is very well defined. The energy of excitation

i ) . A can also be quite accurately determined, while the energy
correspond to least-squares fits with a damped harmonic 08t excitationC is not well determined. In Fig. 12 we show

cillator shape _corrected with .the detai'led balance factor anghe measured dispersion for the excitations marked With
convolute;d Wlth the resoluthn function. One observes' 8ndB along the three main symmetry directions.
_renormahzatlon of the energy in the _Ce-doped sample Whl(_:h To describe the data we made use of the mean-field
is most p_robably due to the rgductmn of the C_u mag”et":random-phase approximatiofRPA) model as outlined in
moment induced by the doping process, which reducegec | This model has successfully been applied to describe
hey- Moreover, there is also a pronounce_d line broa(_jenlnqhe dispersion of thel',-T's CEF excitation of Pr in
present in the doped compound. We will further discusspp 0, 30 1n our case, because of the dilution of the Pr spin
these findings in Sec. V. system, the coupling corresponds only to an effective spin
exchange interaction which is reduced in comparison with
IV. DISPERSION OF THE T',-T's Pr CEF EXCITATION the actual exchange goupling. .Mqrt_aover, it is not clear
IN Pr; geCe 1CUO, whether we can use this model individually fqr_ each of the
three excitationsA, B, and C. The decomposition of the
The investigation of the dispersion of thg-I's CEF ex-  spectra into three individual excitations has its origin in the
citation was performed on the spectrometer IN3 at the Instipresence of different CEF surroundings on a local scale. The
tut Laue-Langevin in Grenoble. We used the same spectronezorresponding cluster sizes are presumably of the order of 6
eter configuration as described in Sec. Il. TheA, as observed in Nd ,CeCuQ, (x=0.165 and 0.Rby real-
Pr, 5 1/CUQ, single crystal was mounted in a closed- space refinement of neutron powder diffractfdriThe dis-
cycle refrigerator and kept at a temperature of 12 K. Thepersion of the spin excitations on the other hand is a coop-
experiments were performed in two configurations with theerative effect with a typical coherence length of the order of
100 axis vertical and the 110 axis vertical, respectively. 100 A. It is therefore difficult to develop a model that takes
Figure 11 shows the results of the measurements at twimto account the local inhomogeneities. Applying the RPA
different positions in reciprocal space. It has been shown imescription for each individual excitation is however a good
an inelastic neutron-scattering study on, RBCeCuQ, approximation if we assume that the exchange couplings be-
(0=x=<0.2) powder samplés and in a Raman crystal-field tween all the ions are identical, regardless of their CEF sur-
study on a PrgCe, 1<CuQ, single crystdi* that the observed roundings.
energy spectra in these compounds result from a superposi- It was demonstrated in Ref. 30 that it is very difficult to
tion of different components whose spectral weights stronglyneasure the dispersion of the optic branch in thgCRO,
depend on the doping level. The reason for this is the formacompound. At positions with €1<6, where we measured
tion of local clusters which correspond to different dopingthe dispersion alondg001], the contribution of the optic
levels. Forx~0.14, one expects three main contributions tobranch to the total scattering varies betweeband~30 %.
the scattering originating from excitations &fl5 meV (A), In the case of the doped sample where the magnetic scatter-
~18 meV (B), and=~21 meV (C). We therefore performed ing is split into three excitations it was therefore impossible

8.0 12 16 20 24

FIG. 11. Energy spectra of neutrons scattered from
Pr; gCe 1£LCU0, at 10 K at the two differenf positions(11 0
and(1.51.50.
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TABLE I. Exchange coupling constants in peliO,, P,CuO,  J;;(07,0y,0{ ,0]) where o denotes the initial andr’ the
(Ref. 30, and Py g{Ce(14CUQ, derived from the dispersion of the fing| state of a CEF excitation. This has so far only been
CEF excitations. In the case of NGuQ,, (1) stands for the ex- observed in the dimer CompoundﬁszBrg.%
change CQUP"ng Ot.)ta'ned for th(%low('ze)nergy spin Wa}ve.s(ahmr (3) The exchange couplings derived for the Nd ground-
the couplings obtained for thigg'*-I'¢'~ Nd CEF excitation. - . )
state doublet have an interesting property. The mean-field

NA-CUO, (1) NA-CUO, (2) PLCUO, Pr uo created by the Nd-Cu exchange interactigr0.63 meV is
£CuQ () NACuG, ) PRCUG, Phofeadud, directed opposite to the exchange field created by the Nd-Nd

Jy (ueVv)  —32%2 —7+*2  —50%5 —30=10 exchange interactiofi—0.19 meV, see also Ref. 48. This

J2 (uev) —4x1 —19+1 —15+2 —10+2 implies that the observed magnetic order of the Nd spins in
J3 (ueV) —5x1 —25+1 —15%2 —16+2 Nd ,CuQ, is enforced by the Cu-Nd exchange. The Nd spins

J4 (nev) —3+1 themselves would prefer an antiferromagnetic arrangement

along thec direction. This leads us to argue about the con-

. - . . sequences for the Ce-doped samples. There are two effects
to de_termlne the_q de_pendence of the optic branch. The d's'.vvhen doping with Ce ions. Firstly, the replacement of the
persion shown in Fig. 12 therefore represents the acoustic.

branch alond100] and[110] for the two excitationsA and ;[jr'llvetlcleesnihl\aldm:n:ett')g &Zesteé::t\ﬁ snggé)::;?gntigc dge.n'onosf
B. Along [001], the drawn dispersion is not purely acoustic, n gneti u ice. Y, ping

because at these positions in reciprocal space there is alg!{)ectrons mtp the copper-oxide planes re.duces_ the moment
some scattering of the optic branch present. of the Cu spins, as revealed by neutron-diffraction measure-

The line drawn in Fig. 12 corresponds to a fit with the ments. However, such an experiment 'only gives information
acoustic branch given in E¢3) where we included the ex- On the sﬂe—averageq moment. In reality the Cu spin system
change couplings indicated in Fig. 1. We ignored f@1] ~ Seems to become highly inhomogeneous upon electron dop-
direction in the fit procedure. However, the dispersion ofind. In NMR experiments one observes a superposition of
excitationB along[001] corresponds very well to the calcu- different Cu signal§” Our results on the Ce-doped single
lated dispersion of the acoustic branch. This is due to the fagrystal also indicate the presence of different Cu spin mo-
that the optic excitation associated with the p&accurs at ments, which produce different exchange fields at different
lower energy and presumably is superimposed to pgak Nd sites and consequently lead to the observed line broaden-
This also explains the slight energy offset of the measureihg. A detailed theoretical investigation of this scenario
dispersion of excitatio® along[001] compared to the cal- would therefore require a proper inclusion of these disorder
culation. The coupling constants that we derive from the fit-effects. We will nevertheless try to give an approximation by
ting procedure are the following: assuming a “virtual crystal”’(VC) picture, where we only

) ) include the effect of the reduction of the average Cu mo-

M<J;=-0.18+0.03 meV, M“J,=-0.07+0.02 meV,  ments(see, e.g., Ref. 50and therefore of the average ex-
) change fieldhg,. This shifts the Nd spin-wave modes to
M?J3=—0.11£0.02 meV, lower energies as experimentally verifiésee Fig. 10 and
whereM = (4|, |Ts)| =26336 Ref. 68. In this VC picture, the lowest optical mode shows a
’ complete softening at an incommensurate position close to
the M point at a critical valuéhc,/h2,~0.7. This softening
V. DISCUSSION signifies an instability of the Nd spin system, because the Nd
moments now tend to an antiferromagnetic alignment along

In Table | we summarize the results of our investigationthec axis, in contrast to the ferromagnetic alignment induced
and moreover compare it with the findings in Ref. 30 onby the Nd-Cu exchange interaction, which follows from the
Pr,CuQ,. One can draw the following conclusions: fact that the soft mode is optical due 3p<0. For values of

(1) The doping of Ce ions into BEuQ, slightly reduces h¢, below this critical value, one expects for the VC an
the exchange couplings. In a first approximation one wouldrdering of the Nd spin system in a new spin arrangement.
expect a reduction of 7% according to the fraction of substi-But because of the effect of disorder the spin-wave spectrum
tuted Pr ions in BrggCe) 1/,CUQ,. The coupling that is mostly  will not recover a finite gap upon further doping as is indeed
affected by doping is the exchangh mediated by the observed in the results on polycrystalline samp¥emd con-
copper-oxide planes. Because of the big errors it is, howevegequently one expects a softening of the spin-wave modes in
not reasonable to deduce from that an influence of the ele finite q region. This will nevertheless lead to a tendency of
trons in the copper-oxide planes on the exchange interactiothe spins to arrange antiferromagnetically along ¢haxis,
Nevertheless, our results indicate that we would not expect which could explain the observation ohiR,k/2,1/2) type
drastic change of the exchange coupling upon Ce doping imagnetic peaks in &=0.17 compound® Moreover, the
the related N¢_,Ce,CuQ, compounds. steep increase of the low-temperature specific heat observed

(2) The comparison of the exchange couplings for thefor x~0.1 could also be due to this softening because it
I'e)-T'4(?) CEF excitation with the coupling parameters de-would give rise to a finite density of states of Nd spin exci-
rived from the measurements of the spin-wave excitationgations even at zero energi¥sThe verification of this sce-
shows that the exchange interaction is dependent on the initario requires however further experimental efforts, like the
tial and the final state of the CEF excitation, i.e., the ex-investigation of the expected optical mode softening on
change interaction has to be regarded as a tensaingle crystals close to the critical concentration0.1.
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