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Inelastic-neutron-scattering study of the Er + energy levels in ErBa2Cu307
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Magnetic excitation spectra of ErBa2Cu307 have been measured by use of inelastic neutron scattering.
Optimal experimental conditions allow the resolution of the transitions between the Er'+ ground state
and all seven excited states within the I»~, Russell-Saunders ground multiplet. The data are analyzed
in terms of an intermediate-coupling crystal-field model, calculated using spherical-tensor techniques.
Calculated spectra based on the results of this analysis are consistent with all experimental spectra, in-

cluding those obtained at higher temperatures. The eigenfunctions and eigenvalues obtained from this
analysis are used to calculate the magnetic properties expected of Er'+ in this crystal environment.

INTRODUCTION

The high-T, copper oxide superconductors are com-
posed of two interpenetrating sublattices, either or both
of which may be magnetic. One sublattice is composed of
strongly covalent CuO sheets. The magnitude of the lo-
cal copper moment and the cooperative behavior of the
electrons (holes) in these sheets are strongly material
dependent, primarily through details of oxygen
stoichiometry. ' Interactions between the electrons
(holes) within these sheets are strong, as indicated by
their high magnetic ordering or superconducting transi-
tion temperatures. The other sublattice may contain
rare-earth ions (R), as, for example, in the RBa2Cu307
compounds. In general, the f electrons of the rare-earth
ions are more isolated from their surrounding environ-
ment than are the Cu d electrons. R usually possesses a
large, local magnetic moment. The ionic character of the
f-electron states remains intact except that the energy
multiplets are split by the crystal field. The R moments
do not couple strongly within the rare-earth sublattice, as
indicated by their low magnetic ordering temperatures
Tz & 2. 5 K, with the exception of the Pr moments, which
order at 17 K. There also appears to be very little in-
teraction between the local rare-earth moments and CuO
sublattice; the size of the R moment does not inhuence
the electronic behavior, such as the superconducting
transition temperature T, or the spin dynamics in the
CuO planes. ' The relative superconducting and mag-
netic interaction energies seen in these copper oxide sys-
tems are very different from previously studied magnetic
superconductors, such as in binary intermetallics, where
even minute concentrations of magnetic impurities
strongly inhibit superconductivity. In ternary supercon-
ductors such as RRh4B4 or RMo6S8, the magnetic in-
teractions between the two sublattices are comparable in
energy to the superconducting interactions, leading to
complex behavior in which the two types of ordering
compete with each other. In order to fully understand
the magnetic properties of the rare-earth ions in super-
conducting oxides, it is necessary first to understand the
electronic structure of the magnetic f states. The split-
ting of f states by a crystal field is normally modeled

within the weak-field approximation; that is, the effects of
electron-electron and spin-orbit coupling are considered
large with respect to the crystal field. We have success-
fully used this modeling scheme to account for the mag-
netic properties of trivalent R =Pr, Nd, and Ho in
RBa2Cu307. Since this work involves several rare-earth
ions, it also provides a systematic understanding of the
crystal-field splittings for all R in the RBa2Cu307 envi-
ronment.

ErBa2Cu307 is a 92-K superconductor, with only very
weak, two-dimensional Er-Er magnetic interactions.
The intrinsic linewidths of the magnetic peaks are expect-
ed to be narrow, and the large, local moment on Er re-
sults in a good magnetic scattering cross section. Within
the framework of model calculations for the RBa2Cu307
series, we have predicted a splitting of the Er + ground
term that is consistent with previous inelastic-neutron-
scattering (NS) experiments, ' although the data are
not good enough to resolve the transitions at high ener-
gies. Our calculations show that transitions to all of the
excited states within the ground multiplet should be ob-
servable, provided care is taken in the INS experiments
to optimize resolution in the energy ranges of interest.
With the predicted energy-level scheme as a guide, we
have repeated the inelastic-neutron-scattering experi-
ments. A preliminary account of this work is published
elsewhere. " Here we report all the data as well as the
detailed crystal-field analysis. The resulting crystal-field
scheme is compared with our predictions and is then used
to calculate the magnetic properties expected for Er in
this environment.

EXPERIMENT

About 60 g of ErBa2Cu307 were prepared by thorough-
ly mixing stoichiometric amount of Er203, BaCO3, and
CuO and firing the sample in air to about 950 C. The
sample was then reground and refired to about 980 C un-
der Aowing oxygen and allowed to cool slowly. X-ray
diffraction showed the sample to be single phase, and the
orthorhombic unit cell constants refined to within accept-
able values.

Inelastic-neutron-scattering experiments were per-
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In the above equations, fiQ and E are the momentum and
energy transfer, respectively, k; (kf ) is the initial (final)
neutron wave vector, y is the neutron magnetic moment
in units of the nuclear Bohr magnetron, ro is the electron
classical radius, gJ is the Lande g factor, f (Q) is the ion-
ic magnetic form factor, Z is the partition function, and
e '~' is the Debye-Wailer factor. In general, the ith
CF state Ii & at an energy E; is a mixture of

I J,m & states
including those from higher J multiplets. J~ is the com-
ponent of the total angular momentum operator perpen-
dicular to Q. For experiments using polycrystalline sam-

formed on polycrystalline materials using the high-
resolution chopper spectrometer HRMECS at the Intense
Pulsed Neutron Source (IPNS) of Argonne National Lab-
oratory. Equipped with 100-K methane moderators, the
Argonne pulsed spallation source provides a large flux of
cold-to-epithermal neutrons that are essential to the
study of magnetic excitations in rare-earth oxide super-
conductors. Using a two-rotor energy-selector system on
HRMECS, crystal-field transitions at energies from 0.1 to
100 meV can be measured without disturbing the sample
environment.

High resolution is required for measuring the fine split-
tings of the Er + crystal-field (CF) levels. The energy
resolution b,E [full width at half maximum (FWHM)] of
the HRMECS spectrometer varies between 2% and 4%
of the incident neutron energy (Eo ) over the neutron-
energy-loss region E =Eo E, )0—(where E, is the ener-

gy of the scattered neutron). Consequently, good resolu-
tion at an energy transfer E can be achieved by measure-
ments chosen to maintain a small E&. For example, when
ED=4 meV, hE =0.12 meV at E =0.5 meV, and when
E0=110 meV, LE=2.5 meV at E =80 meV. We have
conducted INS experiments at 15, 80, 150, and 296 K
with incident energies of 4, 8, 20, and 110 meV in order
to cover the entire CF spectrum of the Er + ground term
with good resolution. The ErBa2Cu307 sample, con-
tained in an aluminum planar cell, was mounted at a 45'
angle to the incident beam. Such a geometry decreases
the neutron traverse length in the sample to (5 mm for
all detector angles (3'—140'), thereby reducing multiple-
scattering effects. Background scattering was subtracted
from the data by using empty-container runs. Measure-
ments of elastic incoherent scattering from a vanadium
standard provided detector calibration and intensity nor-
malization.

The neutron-scattering cross section for crystal-field
transitions in N noninteracting ions is given in the dipole
approximation by

d (r f (r"o)
dQdE k; 4 g S OE

where the scattering function S(Q,E) is expressed as

ples and unpolarized neutrons,

and only the modulus of Q is retained. Neutron-energy-
loss processes correspond to the case E =E„—E &0.
At low temperatures these scattering processes dominate
because the Boltzmann factors exp( E„—Ik~ T) are small
except for the ground state. At elevated temperatures
both neutron-energy-loss and -energy-gain (E &0) pro-
cesses are seen in the measured spectra.

In general, the integrated intensity of a CF peak is pro-
portional to the square of the matrix element for J~ be-
tween two CF states. Therefore, by comparing the mea-
sured energies and intensities with a model calculation,
the positions as well as the wave functions of the CF
states can be identified unambiguously. Usually, the pa-
rameters used in the model are refined until good agree-
ment between experiment and theory is reached and self-
consistency is achieved throughout the redundant data.

The experimentally observed scattering cross section
includes scattering of neutrons by magnetic electrons as
well as by atomic nuclei. For polycrystalline samples nu-
clear scattering consists of an elastic peak at zero energy
transfer and a diffuse background mainly due to phonon
scattering. At small Q (&4 A ') and at low tempera-
tures, phonon contributions are small, and CF peaks can
easily be identified. At larger Q or at elevated tempera-
tures, phonon scattering usually dominates the measured
spectrum. Thus studying the Q and temperature depen-
dence of the measured intensities helps discern the ori-
gins of the scattering processes.

NEUTRON-SCATTERING RESULTS

It can be seen from Eqs. (1) and (2) that a transition be-
tween two CF levels will give rise to a peak in the ob-
served neutron spectrum. The peak position corresponds
to the energy separation of the levels, and the intrinsic
width of the peak provides a measure of the finite lifetime
of the two states involved in the transition. These life-
times are influenced by interactions of the CF states with
the surrounding environment. When the system is cooled
to a temperature much lower than the first excited state,
the only observable transitions are excitations from the
ground state. In ErBa2Cu307 the INS spectra at 15 K
(well below the superconducting critical temperature of
91 K) provide clear evidence of seven magnetic transi-
tions. Well-defined, sharp (resolution limited) CF peaks
are observed at 9.2, 9.8, 11, 68, 72.5, 77, and 81 meV, as
shown in Fig. 1. Since the I» &z Russell-Saunders
ground multiplet of Er + is expected to be split into eight
doubly degenerate levels, the 15-K spectra lead directly
to the CF-level structure shown in Fig. 2. The observa-
tion of the three energy levels between 9 and 11 meV is
consistent with some previously reported results.
The present experiment resolves four transitions in the E
range of 68—81 meV, compared to the broad peak in the
same region that has been previously interpreted as either
one or two transitions.

As shown in Fig. 2, the Er + ground multiplet splits
into two groups of CF states: four low-energy (E &11
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FIG. 1. Measured scattering functions of ErBa&Cu307 at 15 K, obtained from inelastic-neutron-scattering measurements, with in-

cident neutron energies of 20 meV (left) and 110meV (right). Magnetic excitations from the crystal-field ground state to the seven ex-

cited doublet states within the I»z& multiplet are labeled alphabetically (E-K). The energy splitting scheme corresponding to these

labels is shown schematically in Fig. 2.

meV = 128 K) doublets and four doublets in the 68 —81-
meV energy range. At a moderate temperature, say, 80
K, transitions occur from the thermally populated states
to other states. Therefore INS measurements at higher
temperatures provide useful confirmation of the energy-
level scheme shown in Fig. 2. For example, Fig. 3 shows
data obtained at 80 K, with incident energies of 4 and 8
meV. The peaks at +1.2 meV (labeled C and A) are as-
signed to the transitions between the energy levels at 9.8
and 11 meV, while the peak at 0.6 meV (labeled 8) corre-
sponds to a transition between 9.2 and 9.8 meV (see also
Fig. 2). The peak at 1.8 meV, labeled D in Fig. 3(b), cor-
responds to transition from the 9.2-meV state to the 11-
meV state. The data obtained at 150 K with an incident
neutron energy of 110 meV are shown in Fig. 4. The
peaks observed at 68, 72, 77, and 81 meV have decreased
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in intensity relative to the 15-K data, while there are
several overlapping additional peaks corresponding to CF
transitions from the lower excited states to the high-

energy states. At least three new peaks at 59, 62, and 66
meV, labeled L, M, and N, respectively, in Fig. 4 are well
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FIG. 2. Schematic diagram of the splitting of the I»z&
Russell-Saunders ground multiplet, determined by neutron-
scattering experiments. The transitions labels refer to the ex-
perimentally resolved transitions shown in Figs. 1, 3, and 4.
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FIG. 3. Measured scattering functions of ErBazCu307 at 80
K with Eo =4 meV (a) and at 80 and 15 K with ED=8 meV (b).
The peaks ( A through D) correspond to crystal-field transitions
between thermally occupied excited states, which are observable
only at elevated temperatures (80 K) (see also Fig. 2).
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FIG. 4. Measured scattering functions of ErBa2Cu307 at 150
K. The labeled crystal-field peaks correspond to the resolved
transitions shown in Fig. 2. The broad background over the en-
tire energy range consists of other overlapping crystal-field tran-
sitions and phonon scattering.

resolved. They correspond to those transitions shown in
Fig. 2. In addition, the CF peaks at high temperatures
have larger widths, indicating stronger relaxation effects
due to interactions with other excitations such as pho-
nons. Strong coupling of phonons and a CF state at
about 37 meV in NdBa2Cu307 have been reported in a re-
cent Raman-scattering study. ' Coupling of phonons to
CF excitations in general depends on the energies and
symmetries of individual vibrational modes and CF
states. In ErBa2Cu307 all the observed CF peaks at 15 K
have widths comparable to instrumental resolution, indi-
cating that interactions between CF excitations and pho-
nons are weak. However, the present INS measurements
using a polycrystalline sample are probably not sensitive
enough to detect subtle effects of specific CF-phonon cou-
pling.

CRYSTAL-FIELD ANALYSIS

The data described above are suScient to allow the
refinement of crystal-field parameters appropriate to
Er + in paramagnetic ErBa2Cu307. The method used
here for fitting the energy levels and calculating the mag-
netic properties of the 4f" configuration of Er + in a
crystal field was developed by Crosswhite and
Crosswhite. ' All of the interactions included in the
model are diagonalized simultaneously. For conveni-
ence, the total Hamiltonian is considered to consist of
two parts:

H =HFI+HCF-

Here Hz, is the free-ion contribution, which includes the
spherically symmetric, one-electron term of the Hamil-
tonian, the electrostatic interaction between equivalent f
electrons, the spin-orbit interaction, and a term account-
ing for higher-order corrections. ' Hcz is the crystal-
field term, which incorporates the effects of the electro-
static interactions arising from the surrounding charges
on the f electrons of a single ion. The crystal-field part of
the Hamiltonian is written

yBk( k( )
k, g, l

where C~(i) is a spherical tensor of rank k, dependent on
the coordinates of the ith electron, the summation of i is
over all f electrons of the ion, and B"are the crystal-field
coeScients. The site symmetry of the ion of interest
determines which B parameters are nonzero.

The full Hamiltonian described above is diagonalized,
using as the basis functions the 100 lowest-energy states
of an f"configuration (i.e., the eigenstates of the free-ion
Hamiltonian). The free-ion contribution to the total
Hamiltonian is characterized by a set of parameters ob-
tained for Er:LaF3. ' The choice of free-ion parameters
does not significantly influence our results, since the first
excited J multiplet is at high energy ( =800 meV) relative
to the splittings within the ground multiplet ( = 80 meV).
In fact, contributions from the higher-energy Russell-
Saunders multiplets are often ignored in the treatment of
lower-energy data such as that under consideration here,
allowing for the use of much simpler formalisms, such as
that developed by Stevens. ' Although this simplification
works well for the heavier lanthanides, including Er +,
we employ the more complete treatment for consistency
with our other work on the lighter lanthanides. ' Con-
version of the crystal-field parameters listed here to those
of Stevens, as outlined by Kassman, ' results in parame-
ters which provide essentially similar energies and eigen-
values.

The site symmetry of the rare earths in the RBa2Cu307
orthorhombic structure is the mmm (Dik ) point group, '

so the crystal field is characterized by nine real B pa-
rameters. In principle, a site of this symmetry will split
the Er + Russell-Saunders ground multiplet ( I,5&2) into
eight doublets, and therefore at low temperatures there
are a maximum of seven magnetic transitions expected
between the ground and accessible excited states, which
are all within the ground multiplet.

As summarized in Fig. 2, we observe all seven possible
transitions from the ground state. While these observa-
tions make the energy-level assignments unambiguous,
the limited data available to fit nine independent crystal-
field parameters (i.e., seven energy levels and seven transi-
tion intensities) necessitate a judicious choice of starting
parameters. Since there are so few data, the fit obtained
may depend on the input starting parameters, and care
must be taken in their choice.

As can be seen from Fig. 5, the site symmetry of the
rare earths in the lattice under study is only slightly dis-
torted from cubic. A comparison of the energy splittings
observed experimentally with those expected for Er + in
a cubic field reveals a close correspondence. The use of a
purely cubic field as a starting assumption greatly
simplifies the problem because there are only two in-
dependent parameters, one fourth and one sixth order.
We have taken advantage of this correspondence by be-
ginning our analysis with cubic symmetry and then des-
cending in symmetry first to tetragonal and finally to true
orthorhombic symmetry. The progression of the energy-
level splittings with descent in symmetry is shown in Fig.
6.



10 066 L. SODERHOLM, C.-K. LOONG, AND S. KERN 45

P3) 78
8

80 Z
(8)

5

77 p7)
5

7 2.5 1-(6)

p(2) 70.5

68 68
5

10.2
8 9.5
6

11 11
9.8 0 R

9.2
I (2)

5

C

(rn 3m)
D4

(4/mmm)
D2

(mmm)
FIG. 5. Crystal structure of RBa2Cu307 (Ref. 18), demon-

strating the environment of the rare-earth ion.

Using the formalism developed by Lea, Leask, and
Wolf, we find a ratio of fourth- to sixth-order parameters
of = —0.4 (Ref. 19) (with B's in the Stevens notation),
which provides us with a direct estimate of the B0, B4,
B0, and B4 parameters. Using these parameters and cubic
constraints, we fitted the data to obtain the parameters
listed in Table I as the cubic parameters.

With a good estimate of starting values for the cubic
parameters, we look for estimates of the contributions
arising from the lower symmetry of the R site. We obtain
these from a superposition model, as described by
Nekvasil. ' The cubic crystal-field values obtained by
this modeling procedure agree in sign and magnitude
with our fitted values. As shown in Table I, the superpo-
sition model gives a prediction of the sign and magnitude
of the fourth- and sixth-order noncubic terms. Unfor-
tunately, the superposition model does not work well for
second-order parameters.

Second-order crystal-field parameters are often the
hardest to estimate. Fortunately, these parameters can be
calculated from available ' Gd Mossbauer data.
The only contribution to the measured electric-field gra-
dient at the Gd nucleus is from the lattice, since the 4f
electron density is spherically symmetric to first order.
Using the experimentally determined values of the
electric-field gradient, e qg = —230 MHz, and the gra-
dient assymmetry parameter g=0.4, we obtain the B02

and B2 parameters, applicable to Er, which are listed in
Table I.

For comparison, Table I also lists the crystal-field B 's

which are scaled from our previous work on Pr, Nd, and
Ho. ' Scaling crystal-field parameters obtained for Ho in
RBa2Cu307 (Refs. 16 and 26) to appropriate parameters

FIG. 6. Calculated crystal-field-level schemes for Er'+ ions
in ErBa2Cu307, as the symmetry at R descends from cubic to
tetragonal to orthorhombic. The energies are in units of meV.

for Nd and Pr has provided us with scaling laws which
can be used to predict parameters for other R in this
site. The overall scaling is accomplished by adjusting
the B's by relative values of a(r")„„,where a=0.6 for
all n (Ref. 27) and (r")HF are the calculated free-ion
Hartree-Fock radial parameters of the nth order. In
this way a consistent set of starting parameters can be ob-
tained for all R in RBa2Cu&07. The starting parameters
appropriate to Er are shown in Table I as the "Scaled"
parameters.

The signs and magnitudes of most of the estimated pa-
rameters agree very well, the most notable differences be-
ing the B2 and B2 values calculated from the superposi-
tion and scaling models. Together with B2 and B6, these
are the four extra parameters that must be included when
descending in site symmetry from 4/mmm (D4&) to
mmm (Dzi, ). 4lmmm is the site symmetry of the rare
earth in the tetragonal form of RBa2Cu307. As shown
in Fig. 5, the distortion of the Er near neighbors from
4/mmm to mmm site syrnrnetry is very small; therefore
the superposition model is not expected to predict accu-
rately these added parameters. Although they are small,
crystal-field energy levels are sensitive to these parame-
ters, particularly B2 and B2. Small changes in these
values cause notable changes in the multiplet of states
calculated near 10 ree. A sensitivity to the transition
energies and intensities to changes in oxygen content (and
therefore symmetry) has also been observed experimental-

30

We used our cubic parameters (releasing their con-
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TABLE I. Crystal-field parameters, originating from different sources, used for ca1culating the
energy-level splittings of Er'+ in ErBa2Cu307. Values listed are those obtained by (a) fitting the data as-
suming cubic symmetry, (b) calculated from a superposition (SP) model (Ref. 21), (c) analyzing the
electric-field gradient obtained from '"Gd Mossbauer spectroscopy in terms of the lattice, second-order
crystal-field parameters (Refs. 22—25), and (d) scaling parameters previously obtained by fitting INS
data on Pr, Nd, and Ho (Scaled) (Ref. 16). The last column lists our best-fit parameters assuming mmm
site symmetry. All parameters are in units of cm

B2
B2
B4
B4

B6
B6
B6
B6

Cubic fit

—2090

1249
612

1145

SP

—1852
123

1039
595
—1

1254
2

Mossbauer

350
56

Scaled

431
60

—1794
—336

977
429

—243
1170
—15

Final fit

324
150

—1942
—4

1338
458

—56
1237

08

'Simulations show the system to be insensitive to this parameter; therefore it was fixed at zero for all
fits.

straints}, the superposition parameters, and the
Mossbauer second-order parameters as starting values for
our fit. The fits were insensitive to the magnitude of B~,
therefore it was fixed at zero. We obtained the final set of
crystal-field parameters listed in Table I and the energy
levels and transition-matrix elements listed in Table II.
The calculated spectra obtained from these parameters
agree well with both the energies and intensities of the
peaks. Selected calculated spectra are shown in Fig. 7. In
particular, the similarity of the experiment and calculat-
ed spectra at 150 K should be noted. The magnitude of
the fitted parameters clearly rejects the predominantly
cubic symmetry of the site. The parameters introduced
in the descent to 4/mmm site symmetry are much small-
er, and the parameters necessary to further reduce the
symmetry to mmm are the smallest. While the data can
be approximately represented by tetragonal symmetry, a
good fit to both the observed energies and intensities re-
quires the complete mmm symmetry. The good agree-
ment between our final parameters and those obtained
from appropriately scaling our previously determined
values for Ho, Nd, and Pr shows that our scaling pro-
cedure is effective in transferring parameters from one R
to another. Perhaps even more importantly, these results
strongly support our parametrization of the crystal field
at the rare-earth site.

MAGNETIC PROPERTIES

(2D} ordering in the a bplane-, with a transition to 3D
long-range order at about 600 mK. The saturation mo-
ment (iM„, ) associated with this ordered state was deter-
mined by neutron diffraction to be 4.8(2)pz. '

The paramagnetic susceptibility expected for the Er
sublattice can be calculated using the van Vleck formal-

—E„
X exp

k, T

where Z=g„d„exp( E„/k~T). H—ere p„i are the d„
degenerate eigenfunctions with energy E„ in the absence

TABLE II. Observed energy levels of Er'+ in ErBa Cu307
compared with those obtained from the crystal-field B~ values
listed in Table I. These energy levels are all doubly degenerate,
and all have the symmetry classification I 5 in a site with ortho-
rhombic symmetry. The calculated magnetic transition
strengths at zero energy correspond to elastic scattering within
the ground doublet. Those at nonzero energies correspond to
transitions from the ground state to each excited state.

The fitting of a crystal-field scheme to experimental
data enables the calculation of a variety of other proper-
ties using the eigenfunctions and eigenvalues obtained
from the crystal-field analysis. Experiments have shown
that ErBa2Cu307 is a Curie-Weiss paramagnet down to
low temperatures. The value of the effective magnet mo-
ment, determined over the temperature range of about
50—300 K, is somewhat sample dependent, but in the
range 9.6—9.95ims. ' At much lower temperatures (i.e.,

1 K, the system shows evidence of two-dimensional

Observed
E (mev)

0
9.4
9.8

11
67.5
72.5
77
81

Calculated
E (meU)

—0.38
9.4

10.0
11.0
67.3
72.4
77.1

80.7

Magnetic transition

4.903
12.822
3.953
0.005
0.169
0.031
0.176
2.753

Strength (p&)
2

Px

15.539
2.905
3.207
8.573
0.186
0.654
1.607
0.694
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FIG. 7. Calculated magnetic scattering functions of ErBa2Cu307 using the final crystal-field parameters (see Table I): (a) T = 15 K
and (b) T = 150 K. Effects of instrumental resolution and the Q dependence of the Er'+ magnetic form factor have been taken into
account in the calculation.

of a magnetic field. The magnetic-moment operator is
p=L+2S. The perpendicular and parallel susceptibili-
ties (relative to the crystal-field principal axis) calculated
in this manner are shown as a function of temperature in
Fig. 8. There is a small anisotropy predicted for the sus-
ceptibilities at low temperature. The effective moment
obtained by fitting to a Curie law the calculated data in
the temperature range 50—300 K (see inset Fig. 8) is
9.53pz, which is very close to the effective moment of
9.58JM& expected for a Er + free ion. The measured
effective moment for ErBa2Cu30 is reported as 9.93p~
for x =6.8 or 9.63p~ for x =6.2. ' The larger value of the
measured moment over the Er + free-ion value is most
probably due to a contribution from the copper sublat-
tice, which is expected to be sample dependent and some-
where in the range of (0—0.4)ps.

In addition to the magnetic susceptibility, the ground-
state saturation moment can be estimated by including
the molecular field (H ) as a perturbation to the crystal
field. The magnitude of the molecular field can be es-
tirnated from

T~ =gJ( (Jz ) +1 )psH~ /3k',
where gz is the Lande factor, H is the molecular field at
the Er site, k~ is the Boltzmann constant, and the 3D
magnetic ordering temperature T~ =600 mK. Using

the molecular field determined in this way, the saturation
moment (iu„, ) can be calculated. It turns out that the
magnitude of the saturation moment is relatively insensi-
tive to the magnitude of the molecular field, justifying the
use of an estimate based on an oversimplified molecular-
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FIG. 8. Paramagnetic susceptibility of ErBa~Cu307 using the
final crystal-field-level scheme. y~ and gI~ are components of the
susceptibility perpendicular to and parallel with the crystallo-
graphic c direction, respectively. The inset shows the averaged
inverse magnetic susceptibility vs temperature.
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field expression. Calculations performed with the
molecular-field direction parallel to the principal crystal-
field axis, produce a p, = 1.4p~, while a value of
p„,=3.4'~ is obtained when the molecular-field direc-
tion is perpendicular to the principal axis. We know
from previous work that the principal axis of the
crystal-field tensor is coincident with the crystallographic
c direction; therefore we can relate our calculated mo-
ments to experiment. The relative energies of the Kra-
mers states, split by applied field, are calculated with the
moment in the a-b plane or parallel to the c axis. The
magnitude of the splittings is the same, to within the es-
timated error of the calculation, so that an ordered mo-
ment direction cannot be determined directly by applying
a molecular field to the calculated wave functions. Our
calculated moment of 3.4pz is only in fair agreement
with the experimental result of 4.8pz. '

CONCLUSIONS

A combination of predictive capabilities and recent
INS instrument upgrades permits the unambiguous deter-

mination of the eight crystal-field states of the Er +

H»i2 Russell-Saunders ground multiplet. Estimates of
the crystal-field parameters necessary to fit these INS
data are obtained from several sources and provide good
starting parameters for the data analysis. The transition
energies and intensities are well represented by values cal-
culated with the best-fit parameters. The good agreement
between our fitted parameters and those obtained by scal-
ing our previous results on Ho, Nd, and Pr shows that we
have successfully represented the crystal field at R by this
parametrization. The eigenfunctions and eigen values
from this analysis are used to calculate the contribution
of the Er + ion to the total magnetic susceptibility of
ErBa2Cu307 and also the saturation moment expected at
low temperature in the magnetically ordered state.
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