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Local Magnetism and Crystal Fields of Pr in PrBa2Cu3O7 Studied by 141Pr NMR
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We present the first study of the141Pr nuclear resonance in PrBa2Cu3O7. In strong contrast to the
current understanding of PrBa2Cu3O7, we observe a small ordered Pr moment at low temperatures
s0.017mBd, oriented perpendicular to thec axis, and a temperature and field independent Van Vleck
susceptibility below 10 K. We find aG1 ground state symmetry and a larger splitting of the quasitriplet
than observed in inelastic neutron scattering. We propose that the origin of thes 1

2 , 1
2 , 0d Bragg peak in

neutron diffraction is a ferromagnetic coupling between the CuO2 planes of a bilayer induced by Pr.

PACS numbers: 75.25.+z, 75.10.Dg, 76.60.Lz
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One of the outstanding problems in the high-Tc super-
conducting cuprates REBa2Cu3O7 is the supression of su
perconductivity by Pr on the rare earth (RE) site. In t
past years a general consensus has been reached o
basis of photoemission [1,2] and inelastic neutron scat
ing (INS) studies [3,4] that the valence of Pr is predom
nantly 31 and that holes are doped into the CuO2 layer
when filling the chains with oxygen. Pr localizes the
holes, probably due to hybridization of the4f and the an-
tibonding O2pp orbitals, as proposed by Fehrenbacher a
Rice [5].

The local electronic properties were investigate
among others [6], in various NMR studies of the Cu(
(chain), Cu(2) (plane) [7–10], and O sites [11]. Th
electric field gradients at the Cu(1) sites are, for
oxygen coordinations, almost identical to the correspo
ing ones in other REBa2Cu3O7 cuprates. Even in the
presence of the hole states the quadrupole splitting
magnetic hyperfine field at the Cu(2) site are also sim
to the antiferromagnetic reduced compounds, indicat
that the Cu moment and its orientation in the plane
unchanged, and that the holes are probably not locali
at the Cu site. This is supported by the observation t
only the nuclear resonance of one oxygen site in the pl
is affected by the presence of Pr [11].

Despite the general consensus on the valence and
crystal field (CF) of Pr, and although the magnetic susce
bility has been fitted by the single ion contributions of Pr31

in this CF [3], there are a number of open problems in
description of the low-temperature magnetic response
Pr. One is the high Néel temperature ofTN ­ 12 to 18 K,
depending on the oxygen concentration. This is 8 tim
the value for Gd in the same structure [12], although
3H4 multiplet of Pr31 has a nonmagnetic singlet groun
state in the orthorhombic coordination. From this point
view the ordered Pr moment of0.7mB observed in neutron
diffraction [13] is also surprisingly large. It is an order o
magnitude larger than that in the tetragonal site symm
try in the related cuprate Pr2CuO4, where a smaller crysta
field splitting of the low lying eigenstates and thereby
higher induced magnetic moment might be expected [1
0031-9007y96y76(11)y1936(4)$10.00
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We note, in addition, that the current description of the h
mogeneous susceptibility neglects the magnetic phase t
sition of the Pr moments as well as any contribution fro
the CuO2 sublattice despite the comparably large Pr m
ment and the rather complicated magnetic phase diag
of the CuO2 planes below 20 K found in a recent neutro
diffraction work [15].

Clearly it is very desirable to investigate the141Pr
resonance, which provided detailed information on t
valence, the local susceptibility, and low-energy crys
field splittings of Pr in Pr1.85Ce0.25CuO4 [16]. In the
following, we present the first study of the Pr spin ech
in PrBa2Cu3O7 and discuss the implications of our resul
for the interpretation of the homogeneous susceptibili
neutron diffraction, and inelastic neutron scattering.

The home-made phase coherent pulse spectrometer
the samples used in this work are the same as descr
in a previous work on the NMR and NQR of Cu(1) an
Cu(2) sites in PrBa2Cu3O6 and PrBa2Cu3O7 [7].

Figure 1 shows field-sweep spectra at different fix
frequencies and 1.3 K. With the fieldB0 along a ­
s100d or b ­ s010d, which cannot be distinguished in
the twinned crystal, we find a nearly resolved splittin
of the line belowø2.5 T. The effective gyromagnetic
ratio is anisotropic, approachingga

2p ­ 72 MHzyT and
gb

2p ­ 67 MHzyT in high field. Because of the twinning
the assignment to the axes is arbitrary. In a field alo
the c axis the effective gyromagnetic ratio drops
gc

2p ­ 19.5 MHzyT, and no splitting is observed in low
external fields. Extrapolating to zero field we were ab
to observe the zero-field resonance above 25 MHz (ins
The zero-field spectrum continues to lower frequency, b
is difficult to separate from the Cu(1) signal, and belo
20 MHz the spin-spin relaxation timeT2 is too small to
obtain a reliable spectrum in our spectrometer. In Fig
we also show that within the experimental resolution the
is no change ofgc between 1.3 and 8 K at high fields
Finally, a comparison of two spectra taken at 79 MH
with field along (100) and (110) shows that the splittin
also disappears when the field is applied along a (1
direction.
© 1996 The American Physical Society
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FIG. 1. Field-sweep spectra of141Pr in PrBa2Cu3O7 at 1.3 K
for frequency and orientation of the field as given in the figur
Fields applied along (100) are due to the twinning also alo
(010). The spectrum at high field is also shown forT ­ 8 K
s3d. The inset shows the part of the zero-field spectrum w
could measure.

Both the spin-lattice and spin-spin relaxation timeT1
and T2 increase steeply with external field from 50 an
6 ms at zero field to 800 and30 ms, respectively, at
8 T. At this field, T1 and T2 decrease with increasing
temperatures to 80 and12 ms, respectively, at 4.2 K.

The signal is not due to other phases containing
since we observed the same signal with the expec
broadening from the anisotropy also in independen
prepared ceramics. In addition, the signal is larger th
the Cu(2) echo for optimum excitation conditions ne
B0 ­ 6.0 T sB0kcd, where the frequency is comparable t
the Cu(2) zero-field NMR. Most probably the signal ha
not been reported up to now because of the smallT2 in
zero field and the inhomogeneous broadening of pow
spectra in external field. In addition, we note the larg
enhancement factor for the rf field: The pulse power us
for measuring the spectra in Fig. 1 is,20 dB below the
optimum for the Cu(2) resonance.

The Pr signal overlaps with the known Cu(1) an
Cu(2) spectra in certain field regimes but is unambig
ously identified by the effective high-field gyromagnet
ratios, which are 2 to 6 times larger than the ones
the Cu isotopes. The gyromagnetic ratio of the fre
Pr ion s

141g

2p ­ 13.0 MHzyTd is also smaller, but giant,
anisotropic paramagnetic shifts due to the Van Vleck su
ceptibility are a well known feature of RE ions with sin
glet ground states.

We write the total electronic and nuclear spin Hamilto
ian in the form

H ­ Hcf 1 gJmBJB0 1 AJJI 2 141gh̄IB0 . (1)

Hcf is the crystal-field Hamiltonian of the4f shell,gJ ­
0.8 is the Landé factor of the3H4 configuration of Pr31

according to Hund’s rules,mB is Bohr’s magneton,J, I
are the operators of the total electronic angular moment
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and the nuclear spin,B0 is the external field, andAJyh ­
1093 MHz [16] is the hyperfine coupling constant of Pr31.

The effective gyromagnetic ratio follows from the
electronic magnetization by straightforward substitutio
of J in the nuclear part of the spin Hamiltonian Eq. (1
by its expectation value,

HN ­ 2

µ
AJ kMl
gJmB

1 141gh̄B0

∂
I . (2)

kMl andB0 are parallel when the field is applied alon
the principal axesa ­ a, b, c. The equidistant splitting
of the nuclear energy levels is ascribed to an effecti
nuclear gyromagnetic constantga ,

ga

2p
­

n

B0,a
­

AJ

h
kMal
gJmB

1
B0,a

1
141g

2p
. (3)

The experimental finding of a linear field dependen
of n on the field in all principal directions at 1.3 K
(Fig. 2) then implies thatkMl is proportional toB0, or
that the Van Vleck susceptibility is independent of th
field. The measurement at 8.3 K shows that the variat
with temperature is also smaller than1%, at least in a field
of ,8 T. Both observations are incompatible with th
Kramers doublet ground state of Pr41 and clear evidence
for Pr31, confirming the results of photoemission [1,2
and INS [3,4]. The presence of a major amount of Pr41

is in view of the large Pr31 signal intensity improbable,
but our failure to detect Pr41 clearly does not exclude its
presence.

We can determine the size of the Pr moments in hi
field from the experimentalga and Eq. (3). We find
for the Pr moment induced by a field of 1 TkMal ­
0.043mB, 0.040mB, and 0.0048mB for a ­ a, b, c, with
an error well below 10%. The assignment to thea
and b axes is arbitrary, due to the twinning of th
crystal. In zero field the resonance frequency of 23 MH

FIG. 2. Field dependence of the141Pr-resonance frequency a
1.3 K with the field along (001) (left) and (100), (010) (right)
The lines are calculated from Eq. (3) with the magnetizati
according to the crystal-field parameters in Table I.
1937
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corresponds directly to a static moment ofgJhnyAJ ­
0.017mByPr, smaller than the one in Pr2CuO4.

Such a small Pr moment is in clear contrast to the cu
rent interpretation of the large magnetic Bragg peaks o
served in neutron diffraction below 18 K in PrBa2Cu3O7

[13]. A moment of0.017mB corresponds to nearly un-
detectable small Bragg reflections. We emphasize, the
fore, that the evidence for the small moment present
here is quite strong, once the applicability of Hund’s rule
for Pr31 is accepted: There are no free parameters exc
the magnetic moment in Eq. (3), which describes the fu
field and orientation dependence of the Pr NMR at lo
temperatures (full lines in Fig. 2, see below).

We conclude that the large magnetic Bragg pea
observed in PrBa2Cu3O7 at low temperatures originate
from the CuO sublattices. The NQR of the Cu(1) site
excludes the presence of any sizable static moment
the chains of our Al-free crystal [7]. The magneti
response of the CuO2 planes is a difficult problem. On
one hand, we cannot exclude that the localized ho
in the planes might carry a moment [4]. The momen
would have to be localized at the oxygen, because
NMR spectrum of Cu in the plane is very similar to
the one in the REBa2Cu3O6 cuprates. We believe it is
very improbable that ordering of the small Pr momen
induces magnetic order in such hole states, which sho
then account for the Bragg peak. On the other hand
has been noted in recent neutron diffraction work th
for Al-doped crystals the magnetic transition of the C
bilayers from the so-called antiferromagnetic AF-I to th
AF-II structure gives rise to Bragg peaks ats 1

2 , 1
2 , 1

2 d, also
assigned to Pr [10,15]. Antiferromagnetically couple
Cu bilayers still cannot contribute to the main magnet
peaks 1

2 , 1
2 , 0d, due to a vanishing form factor. We propos

that Pr couples the two adjacent CuO2 layers below
18 K ferromagnetically. In this way it may induce a
ferromagnetic stacking sequence of the CuO2 planes. The
small Pr moment is, in this model, a consequence
the dipolar field from the Cu momentssBdip ø 0.15 Td
and Pr exchange fields. The transferred hyperfine fie
present in Pr2CuO4 [14] vanish by site symmetry. No
critical behavior has been detected in the Cu(1) NQR
to 20 K, so the rearrangement of Cu(2) spins must occ
in a noncritical manner.

The induced Pr moment must be oriented along t
dipolar field, which is perpendicular to thec axis. The
presence of a single line when the field is applied alo
the c axis shows that the ordered Pr moments are inde
within 615± perpendicular to thec axis. Otherwise, the
corresponding component of the hyperfine field in the tw
antiferromagnetic sublattices would add or subtract fro
the external field (insets to Fig. 2), leading to a broadeni
or splitting. The splitting with field applied along (100
and (010) into three broad peaks is due to the vec
addition of the external and the transferred field inducin
the moment (see Fig. 2). The spontaneous moments
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aligned along either (100) or (010), because no splitting
the line can be resolved with the field along (110) (Fig. 1
This orientation of the Pr moments is in contrast to th
one proposed tentatively from neutron scattering [3] b
in agreement with Mössbauer experiments [17] and o
analysis of the Cu NMR and NQR in PrBa2Cu3O6.

In order to discuss the field dependence of the re
nance frequency (Fig. 2) and to determine the crystal-fie
splittings from the field-induced Pr moments, we negle
the small influence of the nuclear contributions to the ele
tronic magnetization and calculate the expectation va
of M by a numerical diagonalization of the electronic pa
Hel without the two nuclear contributions,

Hel ­ gJmBJB0 1

6X
l­1

lX
m­0

BlmOm
l ,

kMl ­
2gJmBTrhexps2HelykBT dJj

Trhexps2HelykBT dj
.

(4)

We measured only at low temperatures and neglect
admixture of multiplets with higher angular momentum
sJ ­ 5, 6d observed in INS. Within the nine energy lev
els of the multipletJ ­ 4, we can use standard Steven
operatorsOm

l for the 4f shell [18]. Only operators com-
patible with the transformations of the Pr site symm
try (2ymm or D2h) contribute, namely,l ­ 2, 4, 6, m ­
0, 2, 4, 6 # l. Our data are clearly insufficient to deter
mine independently the nine crystal-field parametersBlm

of Hcf in orthorhombic symmetry without further infor-
mation, thus we also fit the upper six crystal-field energi
observed in INS [3].

The anisotropic susceptibility is dominated by the larg
matrix elementskC0jJx,yjC1,2l (in plane) andkC0jJzjC3l
(parallelc) and determinesE0, . . . , E3 in Table I to within
ø10% and theG1 symmetry of the ground state. The
best fit to the energies and our high field data was o
tained with B20 and B22 to describe the orthorhombic
distortion: B40 ­ 0.325, B44 ­ 1.665, B60 ­ 20.0022,
B64 ­ 0.0252, B20 ­ 21.9, and B22 ­ 1.2 (in kelvin).
The errors are large sinceB42, B62, and B66 can be
introduced as well to describe the orthorhombicity; th
present choice is mainly for convenience. TheBlm given
here should guide a possible reevaluation of the IN
data, including theG1 ground state symmetry and th
larger splitting of the quasitriplet. In order to describ
the deviations from straight lines at low field in Fig.
in the present approximation we introduce a local ma
netic field byB11O1

1 and fitted the full experimental field
dependence of the Pr resonance (lines in Fig. 2) w
B11 ­ 0.2 K, corresponding to 0.38 T, and an orthorhom
bic distortionB42 ­ 20.08 K instead ofB22. The field
is only a factor of 2 larger than the pure dipolar fiel
from the nearest Cu neighbors in the arrangement p
posed above. This set ofBlm fits our magnetization data,
the transition energies observed in INS, and the susc
tibility x. Below 20 K we calculatexxx ­ 3.0 3 1023,
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TABLE I. EigenvaluesEi and eigenstates ofHcf for the fit to
the high fieldg without molecular field. The lines in Fig. 2
were calculated with a transferred field,B11 ­ 0.2 K, and with
B42 ­ 20.08 K instead ofB22, which gives nearly the same
energies. The sign6 in Ci denotes a sum of both value
sC0 ­ 0.01j4l 2 0.01j 2 4l 1 0.71j 2 2l 2 0.71j2ld.

i Ei sKd Ci ­
P4

m­24 amjml
0 0 60.01j 6 4l 6 0.71j 7 2l
1 132 0.66j 6 3l 2 0.26j 6 1l
2 142 60.66j 6 3l 6 0.26j 6 1l
3 726 0.71j 6 2l 2 0.05j0l
4 775 0.65j 6 4l 2 0.01j 6 2l 2 0.4j0l
5 832 60.71j 6 4l 6 0.01j 6 2l
6 922 60.26j 6 3l 6 0.66j 7 1l
7 956 0.26j 6 3l 1 0.66j1l
8 1126 0.29j 6 4l 1 0.03j 6 2l 1 0.91j0l

xyy ­ 2.55 3 1023, andxzz ­ 0.2 3 1023, independent
of the temperature. The isotropic mean valuexiso falls
above 20 K roughly according to a Curie law. This a
counts forø50% of xiso observed in powders and ceram
ics [3,19], as well as the constant effectiveg below 10 K
in our experiment.

In conclusion, the141Pr NMR data presented here sho
that the static moment of Pr in PrBa2Cu3O7 at low
temperatures is only0.017mB, 40 times smaller than the
value deduced from neutron diffraction. The easy a
of the moment is along (100) or (010). The effectiv
gyromagnetic ratio of141Pr is anisotropically enhance
by the Van Vleck susceptibility. Our analysis of th
crystal field parameters is in general accord with t
homogeneous susceptibility above 20 K and models ba
on inelastic neutron scattering, but we find a larg
splitting of the low lying quasitriplet with a smalle
orthorhombic distortion and aG1 ground state symmetry
This leads to a larger susceptibility in thea-b plane
than along thec axis, as observed in our resonance da
We propose that the magnetic Bragg peaks observe
neutron diffraction below 18 K are due to a change of t
stacking of the CuO2 layers induced by a ferromagneti
coupling between the two layers adjacent to Pr.
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a pleasure to give our thanks to T. Wolf who prepar
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grant from the University of Hamburg. The work wa
supported by the Deutsche Forschungsgemeinschaft.
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