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Inelastic neutron scattering has been employed to study the crystalline electric-field (CEF) in-
teraction in the high-T. superconductor DyBa;Cu3O7-s. The CEF at the Dy site splits the 16-
fold degeneracy of the ground-state J multiplet into eight doublet states. From the observed en-
ergy spectra we have been able to assign the four lowest excited CEF states which provided
sufficient information to derive the leading CEF parameters. The results are used to predict both
the direction and the size of the ordered magnetic moment in zero field, the high-field magnetiza-
tion, and the Schottky anomaly of the heat capacity of DyBa,Cu3Os, which yields reasonable
agreement with the experimental data. The character of the CEF level scheme supports the ap-
plication of the two-dimensional Ising model to describe the magnetic ordering of the Dy mo-
ments. From the temperature dependence of the quasielastic linewidth we conclude that the con-
duction electron density is negligibly small at the Dy site below 7.

I. INTRODUCTION

It is now well known that in the high-7, superconductor
YBa,Cu3;07 the Y ion can be replaced by most of the
rare-earth ions without any appreciable effects on the su-
perconductivity. =3 For nearly all RBa,Cu3;O; (R
denotes rare earth) compounds superconductivity and
magnetic ordering coexist at low temperatures. Neutron
diffraction gave evidence for three-dimensional antiferro-
magnetic ordering in GdBa,Cu307,* DyBa;Cu307,>¢ and
ErBa,Cu30;.7 In order to understand the interplay of
magnetism and superconductivity in these systems, infor-
mation on the magnetic ground state of the R3" ions is
highly desirable. Crystalline electric field (CEF) effects
may play the key role in determining the magnetic ground
state, since the magnetic two-ion interactions are rather
small, typically of the order of T which is less than 1 K
for most RBa,Cu30; compounds. Attempts to unravel
the complicated CEF level structure in these systems from
the magnetic bulk properties are likely to fail, and clearly
spectroscopic methods are needed to determine the CEF
interaction in the low-symmetry RBa,;Cu3;07 compounds.

Very detailed information about the CEF interaction
results from inelastic neutron scattering (INS) experi-
ments. We have applied this technique to study the CEF
in DyBa,;Cu307-5 From the observed energy spectra we
have been able to identify the energies and intensities of
all the ground- and excited-state CEF splittings below 20
meV, which provided sufficient information to derive the
leading CEF parameters. After completion of the present
work another INS study8 of the CEF in DyBa;Cu3;O7 ap-
peared which, however, differs from our interpretation in
various aspects, see Sec. IV. We have also determined the
temperature dependence of the quasielastic linewidth
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which was found to be constant below T, and linearly in-
creasing with temperature above T.. Our results are dis-
cussed and used to calculate various thermodynamic mag-
netic properties of DyBa,Cu3;O; and to compare them
with the available experimental data.>%°~!2 We con-
clude that the magnetic ordering of the Dy>* moments is
most likely of the two-dimensional Ising type as suggested
by Dirken and de Jongh.!> A preliminary account of the
present work was given in Ref. 14.

II. EXPERIMENT

The DyBa,;Cu307 -5 sample was the same as that used
in Ref. 6. It was prepared by starting from Dy,03 (99.9%
pure, Johnson-Matthey), BaCOj, and CuO (both 99% or
more pure, Merck). These powders were intimately
mixed by grinding them together in an agate mortar and
then cold-pressed to pellets of 9-mm diameter and 1-2
mm thickness. The pellets were placed into an alumina
boat which itself was introduced into a quartz tube inside
a resistance furnace. The furnace was slowly heated to
1140 K while oxygen was flowing over the pellets. (All
subsequent heating was carried out in oxygen atmo-
sphere.) After 12 h at the final temperature the heating
power  was switched off and the material was furnace
cooled. The reaction product, which was black with a
slight greenish tinge, was reground and pressed and then
heated again in a similar way. Contact areas between the
sample Al;O3; boat were minimized. The oxide was now
held at 1273 K for 2 h, then cooled to 570 K within 22 h
including 2 h at 670 K. The resulting black and hard pel-
lets already had a low electrical resistivity at room tem-
perature and showed the Meissner effect above liquid-
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nitrogen temperature. Nevertheless, they were reground
again, pressed, and reheated to 1243 K, cooled at a rate of
20 K/h to 1073 K, faster down to 713 K, and then, within
7 h, to 573 K. The correct structure of the resulting oxide
was verified with Guinier patterns taken with copper Ka;.
The onset temperature of superconductivity was deter-
mined by magnetic-susceptibility measurements to be 91
K. The final pellets had a diameter of 9-10 mm and 2-3
mm thickness. Neutron-diffraction experiments® proved
the single-phase character of the sample and gave an oxy-
gen deficiency 6§ =0.05 %+ 0.06.

The INS experiments were performed at the reactor
Saphir in Wiirenlingen on the triple-axis spectrometer R2.
The energy of the scattered neutrons was kept fixed either
at 4.8 or at 15 meV, giving rise to energy resolutions
(AE =0) of 0.15 or 0.9 meV, respectively. To gain inten-
sity, the measurements were carried out with use of a dou-
bly bent graphite monochromator as well as a horizontally
bent graphite analyzer, both with (002) scattering planes.
Consequently, no collimations were used from neutron
source to detector. Beryllium or pyrolytic graphite filters
were inserted into the outgoing neutron beam to reduce
higher-order contamination. The experiments were per-
formed for moduli of the scattering vector Q and tempera-
turesin theranges 1 A<Q=<6A"'and 8K < T <295
K, respectively. The DyBa;Cu3;07—; pellets were enclosed
under He atmosphere into an Al container of dimensions
55x%25x3 mm3 which was positioned in the neutron beam
in the transmission configuration.

III. RESULTS

Typical energy spectra are shown in Fig. 1. At 10 K
there are two well-defined inelastic lines below 10 meV; in
addition, we observe a broad and slightly structured ener-
gy distribution in the range 10 < A <30 meV. In the in-
terpretation of the data we have to keep in mind that both
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FIG. 1. Energy spectra of neutrons scattered from
DyBa;Cu307 and YBa;Cu30O7. The YBa,Cu3;O; data have been
normalized to the DyBa;Cu3O7 data by scaling to the incoherent
elastic line and taking account of the different transmission fac-
tors. The 70-K data of YBa;Cu3O; are marginally enhanced
below 10 meV compared to the 10-K data and not shown in the
figure.

phonon and CEF excitations contribute to the scattering.
We have measured the phonon scattering contributions
for the “nonmagnetic” isostructural compound YBa,;Cus;-
O; which exhibits a maximum at 19 meV (see Fig. 1);
above this energy the spectral distribution observed for
YBa;Cu3;07 and DyBa,Cu30; are almost identical. We
can readily derive the CEF excitations by subtracting the
YBa,Cu307 data from the energy spectra of DyBa,;Cu;07
as shown in Fig. 2. The 10-K data are thus characterized
by four inelastic peaks at 3.3, 5.9, 14, and 17 meV which
can immediately be assigned to ground-state CEF transi-
tions. Our interpretation is confirmed by a detailed study
of the peak intensities versus temperature and modulus of
the scattering vector Q; in particular, at higher tempera-
tures the intensities of the ground-state transitions de-
crease, and excited CEF transitions show up as expected
(see Figs. 1 and 2).

Our search for further CEF splittings turned out to be
unsuccessful. We have extended our measurements up to
AE =90 meV and temperatures up to 150 K, but nowhere
in the observed energy spectra did we find clear-cut evi-
dence for CEF transitions above 20 meV. This is due to
the very small ground-state transition-matrix elements for
the three highest CEF levels (see Table 1), and their ob-
servation out of excited states failed because of the large
neutron absorption of dysprosium. In fact, the intensities
of ‘the CEF transitions observed in the present work were
typically an order of magnitude smaller than in similar ex-
periments on HoBa,;Cu307. 15

We have fitted the difference spectra by Gaussian peaks
(see Fig. 2). The resulting energies of the excited CEF
levels are listed in Table I. The linewidths observed at 10
K are throughout slightly broader than the instrumental
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FIG. 2. Energy spectra of neutrons scattered from
DyBa,Cu30;. The background and phonon contributions are re-
moved by subtracting the normalized scattering from the “non-
magnetic” reference compound YBa>Cu3O7. The curves are de-
scribed in the text.
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TABLE I. Ground-state transition-matrix elements and ener-
gies of the CEF states of Dy>* in DyBa,Cu307 calculated from
the CEF parameters of Eq. (3). The energies of the observed
CEF states are also listed.

I“§i) | (I‘é") | JJ_ | Fé”) | 2 Ecalc (meV) Eobs (meV)
v 38.22 0 0
r$ 25.88 3.4 3.3+0.1
r$¥ 14.75 5.9 5.9+0.2
r 3.24 13.8 14.0+0.5
ré 2.64 16.0 17+1
rs® 0.01 36.5 .
r§” 0.20 52.2

r® 0.04 53.7

resolution, and we estimate the intrinsic linewidths of the
CEF transitions to be about 0.5 meV. Upon raising the
temperature the ground-state CEF transitions are con-
taminated by excited CEF transitions, so that a detailed
analysis of the linewidth versus temperature becomes un-
reliable. We have therefore performed a high-resolution
study of the quasielastic line up to room temperature.
Typical results are shown in Fig. 3. The quasielastic data
were least-squares fitted to both a Lorentzian describing
the magnetic scattering from the CEF states and a Gauss-
ian describing the incoherent elastic scattering. The
Lorentzian was folded with the instrumental resolution
function which was separately determined in a vanadium
experiment. The temperature dependence of the intrinsic
linewidth I' of the Lorentzian is shown in Fig. 4. The
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FIG. 3. Quasielastic neutron scattering from DyBa;Cu3O1.
The curves are described in the text.
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FIG. 4. Temperature dependence of the quasielastic
linewidth (full width at half maximum) of DyBa;Cu3O;. The
curves are described in the text.

linewidth T' (full width at half maximum) is essentially
constant in the superconducting state and slightly in-
creases with increasing temperature in the normal state.

IV. ANALYSIS OF RESULTS

The degeneracy of the J multiplets of a magnetic ion
embedded in a crystal lattice is partly removed by the
CEF potential produced by the charge distribution of the
surrounding ions. The correspondin% Hamiltonian for the
orthorhombic symmetry D,; of Dy®* in DyBa,Cu30y is
given by

3 n
Hcer= X, X BIrO3T, (1)
n=1m=0

where the B3 denote the CEF parameters and the 03"
are operator equivalents built up by spin operators. !¢ The
CEF Hamiltonian (1) gives rise to a decomposition of the
ground-state multiplet Hs;, of Dy>* in DyBa,Cu;O;
into eight Kramers doublets 1“5([). Thus, it is impossible to
derive the nine independent CEF parameters of Eq. (1)
from the energies of the CEF states alone. In a first step,
we, therefore, use a model with only three independent
CEF parameters BY, BY, B?, whereas the remaining CEF
parameters are determined by the nearest-neighbor oxy-
gen polyhedron. In a recent study of the CEF interaction

in HoBa;Cu305 this model turned out to be an excellent
15

approximation. > We introduce the following parametri-
zation:

BIF,=w(1—|y|),

B{F,=Wxy, (2)

BFs=(—|x|)y,

with F;=2, F4=60, F¢=13860, —1=<x=<1 and —1
=<y=<1. Wis a scale factor. Equations (2) correspond
to the most general combination of second-, fourth-, and
sixth-order CEF parameters. For only one parameter set
X,y the energies and transition-matrix elements of the ob-
served CEF level scheme turned out to be in agreement
with the calculated values, namely for x = 0.8, y = —0.4,
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and W <0. In a second step we used the corresponding
CEF parameters as starting values in a least-squares
fitting procedure to the observed energy spectra, in which
the CEF parameters BY, B, Bi, B, B¢, were allowed to
vary independently, whereas the remaining CEF parame-
ters were again fixed at the geometrical coordination
values mentioned above. Reasonable agreement was
achieved for the following CEF parameters:

B?=(—1.0%0.2)x10 " 'meV,
B)=(1.4%£0.1)x10 "3 meV,
Bi=(—6.7%£0.5)%x10 >meV, (3a)
B?=(1.9£0.4)x10 ®meV,
¢=(52£0.5)x10 "> meV,

)

and

(3b)
B¢=-0.22B,

=0.22B9.

The calculated CEF level scheme is shown in Fig. 5 and in
Table I which illustrates the good agreement with the ob-
servations. Table I also lists the matrix elements of all the
ground-state CEF transitions which typically agree with
the observed intensities within 10%-20%. We abstain
from listing the wave functions of the CEF states

J
IréYy=Y a0 | M), )
=,

but merely mention that the ground-state wave function
|T§?) is completely dominated by the M ==+ - com-
ponent with a;(% 5 )=0.98, i.e., the CEF mteraction is
expected to reduce the magnetic moment of the CEF
ground-state below its free ion value by typically 30%.

a
o
/
gl
al

~
o

w
o

Ny
o
N
a1l
g

energy (meV)

—

o

gl
@

ot [g (1)

FIG. 5. Energy-level scheme of Dy>* in DyBa,Cu3;O7. The
solid and dashed lines correspond to the CEF levels observed in
the present work and calculated from the CEF parameters of
Eq. (3), respectively.

A detailed analysis of the temperature dependence of
the quasielastic linewidth is severely hampered by the sta-
tistical quality of the experimental data due to the large
neutron absorption of Dy (see Fig. 4). Nevertheless, we
tried to analyze the observed linewidths according to the
expectations outlmed by Walter et al.'” For T>T.
Korringa’s law'® predicts a linear temperature depen-
dence. The condensation of conduction electrons into
Cooper pairs below T, suppresses the electronic relaxa-
tion, as long as the crystal-field splittings of Dy3* in
DyBa;Cu307 are smaller than the superconducting energy
gap and, thus, cannot cause pair breaking of the Cooper
pairs. Any residual temperature-independent linewidth
may then be interpreted in terms of local distortions of the
charge distribution caused by the oxygen-vacancy concen-
tration 8. We have adopted this picture and least-squares
fitted the data of Fig. 4 to a constant for 7 < T and to a
straight line for 7> T,. The results indicate a jump of
the linewidths of the quasielastic CEF transitions at 7, as
originally reported for Tb3* ions dissolved in LaAly;!®
however, more detailed experiments with improved statis-
tics are required to unambiguously establish this particu-
lar feature.

V. MAGNETIC PROPERTIES

The CEF parameters [Eq. (3)] may not be used to cal-
culate the magnetic properties of DyBa,Cu3;0;. The mag-
netic single-ion susceptibility turns out to be extremely
anisotropic, yielding the c¢ axis as the easy axis of magneti-
zation. Indeed, neutron-diffraction studies of DyBa,Cu;-
O7 gave evidence for three-dimensional antiferromagnetic
ordering below 1.0 K (Ref. 5) and 0.9 K (Ref. 6) with the
moments aligned along the ¢ axis. The ordered moments
were found to be considerably reduced below the free ion
moment, namely (6.8 £0.1)up at 0.17 K (Ref. 6) and
(7.2%0.6)up at 0.5 K (Ref. 5) which are in good agree-
ment with the values calculated in the mean-field approxi-
mation of 7.06u5 and 6.76u3, respectively.

References 5 and 6 also provided some zero-field mag-
netization data which are summarized in Fig. 6. A
mean-field calculation based on the CEF parameters [Eq.
(3)] clearly fails to reproduce the experimental data. On
the other hand, the observed zero-field magnetization is in
good agreement with Onsager’s formula for the two-
dimensional S = % Ising model,

0.125
o[ 276

ksT

Ja

ksT

M(T) _
M©0)

where J, and J, are the magnetic nearest-neighbor in-
teractions along the a and b axis, respectively. This model
has recently been invoked'? to interpret the peak observed
at 0.9 K in the magnetic specific heat of DyBa;Cu30-. '%2!
The results of the present work give strong support for the
application of this model. First, the CEF splittings be-
tween the ground state and the excited states of Dy>" in

DyBa;Cu307 are very much larger than the magnetic or-
dering temperature, so that the ground-state doublet 1“(1)
can indeed be treated in terms of an effective spin S =+
formalism. Second, the CEF parameters [Eq. (3)] give
rise to a very anisotropic g factor of the ground state,

1 —sinh ~2 sinh ~ , (5)
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FIG. 6. Observed and calculated zero-field magnetization of
DyBa,;Cu30;. -

namely g, =0.9, g, =0.6, g, =7.1, i.e., g.>g.,g, so that
the magnetic interactions between the Dy>* ions can be
well described by an Ising Hamiltonian. Third, the two-
dimensional character of the ordering is evident when con-
sidering the large separation between neighboring Dy lay-
ers and the absence of an appreciable magnetic coupling
between them.?? It follows from Eq. (5) that near T the
magnetization obeys a power law

Mm@ _ (Tv=7]°
M(0) Ty

with B=1.22 and $=0.125.%® An analysis of the magne-
tization data displayed in Fig. 6 in terms of this power law
yields B=1.15 with 8=0.125 fixed. These values consid-
erably differ from the three-dimensional S =% Ising re-
sults B=1.52 and $=0.312. 23 Guttmann, Domb, and
Fox?* found identical B8 values for S=1 and S =1, but
the value of B decreases slightly for increasing S; thus, the
value of B resulting from our analysis appears to be
reasonable, since the actual spin of the ground-state dou-
blet r'{Y carrying a magnetic moment of about 7up is cer-
tainly larger than % .

Next, we compare our calculations with high-field mag-
netization data of a powder sample® measured at 4.2 K as
shown in Fig. 7. The magnetization turns out to be very
anisotropic as expected, so that we have to apply an
averaging procedure to reproduce the observed powder
magnetization data. In this procedure, we calculate the
magnetization for various field directions by varying the
direction cosines in a systematic manner, and then we take
the average to obtain the value of the powder magnetiza-
tion. The result very much depends on the number of
steps n used to vary the direction cosines, and the pro-
cedure does not converge rapidly as shown in Fig. 7. For
n=2 which corresponds to the average (M)=(M,+M,
+M,)/3 the calculated values are below the observed
magnetization data, whereas for n> 2 the calculated
magnetization throughout exceeds the experimental data,
with a difference of about 1up for high fields in the limit

(6)
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FIG. 7. Observed and calculated high-field magnetizaton of
DyBa;Cu;O7.

n— oo, This difference is most likely due to incomplete
field penetration, since preferred orientation effects have
to be ruled out due to the immobilization of the powder
sample with stycast in the magnetization experiments.® It
is interesting to notice that the average (M),_. » exceeds
M, for H= 6 T, which means that the z axis is the easy
axis of magnetization only for low fields. Our calculations
indeed indicate that for H = 2.5 T the easy axis of magne-
tization gradually moves from the z axis towards the x
axis in the xz plane, and it would be interesting to verify
this prediction in a single-crystal experiment.

Finally, we use the CEF parameters [Eq. (3)] to calcu-
late the Schottky anomaly of the specific heat which ex-
hibits a shallow maximum at 20 K with AC =5.8 J/molK.
This is in qualitative agreement with observed heat-
capacity data reported by van der Meulen er al.!' and
Dunlap et al.'? who found ACmax=4.5 J/molK at 20 K
and ACnax =3.7 J/molK at 16 K, respectively. We do not
expect to obtain perfect quantitative agreement between
the calculated and observed heat-capacity data, since the
latter are the result of a correction procedure which takes
account of the electronic and phonon contributions.

VI. CONCLUSIONS

We have been able to establish the CEF level scheme of
Dy? *in DyBa;Cu307 below 20 meV with use of the INS
technique and to rationalize our results in terms of model
parameters. Our CEF parameters [Eq. (3)] are in reason-
able agreement with the values derived from INS experi-
ments by Culverhouse er al.® except for the sixth-order
terms which roughly differ by a factor of 2. While this
difference has little effect on the energies of the low-lying
CEF levels, it considerably changes the overall CEF split-
ting as well as the wave functions of the CEF states, ex-
cept for the ground-state doublet I'5“). Thus, the low-
temperature magnetic properties discussed in Sec. V can-
not be used to discriminate between the two CEF parame-
ter sets, but the parameters of Ref. 8 produce CEF
transition-matrix elements which are incompatible with
our neutron spectroscopic observations.
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Calculations of some magnetic properties of
DyBa;Cu30O7 on the basis of our CEF parameters are in
reasonable agreement with the experimental data and
strongly support the two-dimensional Ising character of
the magnetic interaction suggested in Ref. 13. What is
needed now are measurements of the magnetic properties
on single-crystalline samples to further check the pro-
posed CEF parameters. In particular, a detailed study of
the H-T phase diagram would be highly desirable to ex-
amine the field-induced change of the easy direction of
magnetization predicted in Sec. V.

According to Korringa’s law'® the slope AT/AT of the
quasielastic linewidth is related to the conduction electron
density N(Er). The fact that we observe a zero slope for
DyBa,;Cu30O7 below T, indicates a zero or negligibly small
value of N(EFf). A similar behavior of the linewidth was
.observed for ErBa;Cu;O; (Ref. 17) and NdBa,;Cu;0;
(Refs. 25 and 26), and from low-temperature 155Gd
Mossbauer measurements on GdBa,;Cu3;O; (Ref. 27) an
extremely low value of N(Er) was derived. In view of
these results the magnetic interactions in the RBa,Cu305
compounds (where R is a rare-earth element) are clearly
not of the Ruderman-Kittel-Kasuya-Yosida type, but su-
perexchange and dipolar interactions should be appropri-
ate to describe the magnetic ordering.?’

Let us finally discuss the question whether there is some
systematic behavior of the CEF parameters in the whole
RBa;Cu307 series. To do so we write the CEF parame-
ters in the following way:

B3 =a3™r ™ xmvir, @)

where (r2") denotes the 2nth moment of the radial distri-
bution of the 4f electrons, x», is a reduced matrix ele-
ment, y37" a geometrical coordination factor,?® and a3 a
reduced CEF parameter. We may anticipate constant
values of a3” through the whole rare-earth series, since
the CEF is expected to be determined mainly by the coor-
dination polyhedra which are known to be unaffected by
the rare-earth ions in these systems.'? This is the idea of
the superposition model introduced by Newman,?® which
has recently been discussed by Nekvasil®® for the

TABLE II. Reduced CEF parameters a¥, (in units of 10*
meV A) of RBa,Cu30; compounds determined by INS experi-
ments.

RBa;Cu3;0O7 Ref. al al “ad
DyBa;Cu3O7 This work 0.7 3.0 4.1
Ref. 24 0.5 4.0 9.2
HoBa,Cu3O7 Ref. 10 0.9 3.8 8.8
Ref. 24 0.2 3.2 8.8
Ref. 33 0.6 39 8.8
ErBa;Cu3;0 Ref. 24 0.5 4.9 11.5
Ref. 34 0.2 4.8 12.0

RBa,;Cu307 compounds. Table II lists the reduced CEF
parameters ad, for all those RBa,Cus;0O; compounds
which have been studied by neutron spectroscopy and sub-
sequently analyzed on the basis of the CEF Hamiltonian
(1).. The geometrical coordination factors ¥3, were calcu-
lated for the nearest-neighboring oxygen shell,!> and for
the radial integrals (r2") we used the values tabulated by
Lewis.3! The simple point-charge model predicts af
=aQ=ag, which is clearly not realized. Surprisingly,
there is also a large spread of the a3, values for a particu-
lar degree 27, and only the reduced CEF parameter af ap-
pears to be roughly constant for the RBa,Cu3;07; com-
pounds considered in Table II. This means that the appli-
cation of the superposition model to extrapolate the CEF
interaction to other RBa;Cu3O; compounds should be
considered with caution, which is supported by the
analysis of recent INS experiments on NdBa,;Cus-
0,.2526:32
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