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Local Magnetism and Crystal Fields of Prin PrBa,Cu30- Studied by 14Pr NMR
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We present the first study of thHé'Pr nuclear resonance in PrE2;0,. In strong contrast to the
current understanding of PrBawsO,;, we observe a small ordered Pr moment at low temperatures
(0.017u3p), oriented perpendicular to the axis, and a temperature and field independent Van Vleck
susceptibility below 10 K. We find &, ground state symmetry and a larger splitting of the quasitriplet
than observed in inelastic neutron scattering. We propose that the origin ()ﬁ,bhe{)) Bragg peak in
neutron diffraction is a ferromagnetic coupling between the Cpl@nes of a bilayer induced by Pr.

PACS numbers: 75.25.+z, 75.10.Dg, 76.60.Lz

One of the outstanding problems in the hifjhsuper- We note, in addition, that the current description of the ho-
conducting cuprates REB@uw;0; is the supression of su- mogeneous susceptibility neglects the magnetic phase tran-
perconductivity by Pr on the rare earth (RE) site. In thesition of the Pr moments as well as any contribution from
past years a general consensus has been reached on tiiie CuQ sublattice despite the comparably large Pr mo-
basis of photoemission [1,2] and inelastic neutron scattement and the rather complicated magnetic phase diagram
ing (INS) studies [3,4] that the valence of Pr is predomi-of the CuQ planes below 20 K found in a recent neutron
nantly 3+ and that holes are doped into the Gu@yer  diffraction work [15].
when filling the chains with oxygen. Pr localizes these Clearly it is very desirable to investigate tHé'Pr
holes, probably due to hybridization of th¢ and the an- resonance, which provided detailed information on the
tibonding Q,,, orbitals, as proposed by Fehrenbacher andialence, the local susceptibility, and low-energy crystal
Rice [5]. field splittings of Pr in PrgsCe,sCuQ, [16]. In the

The local electronic properties were investigatedfollowing, we present the first study of the Pr spin echo
among others [6], in various NMR studies of the Cu(1)in PrBa,Cu;O; and discuss the implications of our results
(chain), Cu(2) (plane) [7-10], and O sites [11]. Thefor the interpretation of the homogeneous susceptibility,
electric field gradients at the Cu(l) sites are, for allneutron diffraction, and inelastic neutron scattering.
oxygen coordinations, almost identical to the correspond- The home-made phase coherent pulse spectrometer and
ing ones in other REB&w;O; cuprates. Even in the the samples used in this work are the same as described
presence of the hole states the quadrupole splitting anid a previous work on the NMR and NQR of Cu(1) and
magnetic hyperfine field at the Cu(2) site are also similaCu(2) sites in PrBagCu; O and PrBaCu; O; [7].
to the antiferromagnetic reduced compounds, indicating Figure 1 shows field-sweep spectra at different fixed
that the Cu moment and its orientation in the plane ardrequencies and 1.3 K. With the fiel#, along a =
unchanged, and that the holes are probably not localized00) or 5 = (010), which cannot be distinguished in
at the Cu site. This is supported by the observation thathe twinned crystal, we find a nearly resolved splitting
only the nuclear resonance of one oxygen site in the planef the line below=2.5 T. The effective gyromagnetic
is affected by the presence of Pr [11]. ratio is anisotropic, approaching> = 72 MHz/T and

Despite the general consensus on the valence and tB¢ = 67 MHz/T in high field. Because of the twinning,
crystal field (CF) of Pr, and although the magnetic susceptithe assignment to the axes is arbitrary. In a field along
bility has been fitted by the single ion contributions ofPr  the ¢ axis the effective gyromagnetic ratio drops to
in this CF [3], there are a number of open problems in thes = 19.5 MHz/T, and no splitting is observed in low
description of the low-temperature magnetic response doéxternal fields. Extrapolating to zero field we were able
Pr. One is the high Néel temperaturelaf = 12t0 18 K,  to observe the zero-field resonance above 25 MHz (inset).
depending on the oxygen concentration. This is 8 timeJhe zero-field spectrum continues to lower frequency, but
the value for Gd in the same structure [12], although thes difficult to separate from the Cu(1) signal, and below
*H, multiplet of PP has a nonmagnetic singlet ground 20 MHz the spin-spin relaxation timg, is too small to
state in the orthorhombic coordination. From this point ofobtain a reliable spectrum in our spectrometer. In Fig. 1
view the ordered Pr moment 0f7 wp observed in neutron we also show that within the experimental resolution there
diffraction [13] is also surprisingly large. It is an order of is no change ofy. between 1.3 and 8 K at high fields.
magnitude larger than that in the tetragonal site symmeFinally, a comparison of two spectra taken at 79 MHz
try in the related cuprate FeuQy, where a smaller crystal with field along (100) and (110) shows that the splitting
field splitting of the low lying eigenstates and thereby aalso disappears when the field is applied along a (110)
higher induced magnetic moment might be expected [14]direction.
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10 LY — T T and the nuclea_r spiBy is the externql field, and;/h =
x 79MHz(110) _ e, ' 1093 MHz [16] is the hyperfine coupling constant ofPr
s Iown ((11?3) EA S 1 The effective gyromagnetic ratio follows from the
5 B v 230 MHz(100) §s- o 1 electronic magnetization by straightforward substitution
< Y leomrion E N of J in the nuclear part of the spin Hamiltonian Eq. (1)
3 5| E5, g X 160MHz (00 gl L Tette by its expectation value,
%- ;tlt. ° B 3(l:requem:y ?l\?le) . AJ <M>
% FE :EA&A g 00&%% +_#_-H-+H++-o+t Hy = —<% + 141’yﬁBo>I. (2)
< -\ 0, + ]
. ;g ,'% P Wy #ﬁ*ﬁ,&mx% (M) andB,, are parallel when the field is applied along
.; Atwf 32% ;@; X the principal axesx = a,b,c. The equidistant splitting
0 4 L RRO of the nuclear energy levels is ascribed to an effective
0 2 4B - 6 8 nuclear gyromagnetic constap,,
141
FIG. 1. Field-sweep spectra 6f'Pr in PrBaCwi0; at 1.3 K Yo _ Y _ Ay (Mo) 1 + -7 . 3)
for frequency and orientation of the field as given in the figure. 2 Boa h g;mp Boa 2m
Fields applied along (100) are due to the twinning also along ) o ) )
(010). The spectrum at high field is also shown for= 8 K The experimental finding of a linear field dependence

(X). The inset shows the part of the zero-field spectrum wepf » on the field in all principal directions at 1.3 K

could measure. (Fig. 2) then implies thatM) is proportional toB, or
that the Van Vleck susceptibility is independent of the
field. The measurement at 8.3 K shows that the variation

. X - with temperature is also smaller thafb, at least in a field
and7; increase steeply with external field from 50 and o _g T Both observations are incompatible with the

6 pus at zero field to 800 and0 us, respectively, at y amers doublet ground state of*Prand clear evidence
8 T. At this field, Ty and T, decrease with increasing for Pr3*, confirming the results of photoemission [1,2]

temperatures to 80 an@ us, respectively, at 4.2 K. and INS [3,4]. The presence of a major amount dfPr
The signal is not due to other phases containing Pr;

. b 4 th ional with th 5 in view of the large Pr" signal intensity improbable,
since we observed the same signal with the expecteg,; o fajlure to detect Pt clearly does not exclude its
broadening from the anisotropy also in independently) ocance.
prepared ceramics. In .addltlon, the _S|gnal |s.l_arger than \ve can determine the size of the Pr moments in high
the Cu(2) echo for optimum excitation conditions nearg

i ield from the experimentaly, and Eq. (3). We find
By = 6.0 T (Bollc), where the frequency is comparable 0¢5r the Pr moment induced by a field of 1, =

the Cu(2) zero-field NMR. Most probably the signal ha30.043,u3 0.040uz, and 0.0048up for @ = a, b, c, with
not been reported up to now because of the sfialin 5 error well below 10%. The assignment to the

zero field and the inhomogeneous broadening of powdel. 4 ; axes is arbitrary, due to the twinning of the
spectra in external field. In addition, we note the large

rystal. In zero field the resonance frequency of 23 MHz
enhancement factor for the rf field: The pulse power useg y q y
for measuring the spectra in Fig. 14520 dB below the
optimum for the Cu(2) resonance.

Both the spin-lattice and spin-spin relaxation timig

The Pr signal overlaps with the known Cu(l) and 250 | 1 5. 010
Cu(2) spectra in certain field regimes but is unambigu- B?“"”’ i Y
ously identified by the effective high-field gyromagnetic 200 & -—— T .
ratios, which are 2 to 6 times larger than the ones of L T Mer T
the Cu isotopes. The gyromagnetic ratio of the free = 150 i i
141 =
Pr ion (2—73 = 13.0 MHz/T) is also smaller, but giant, &
: . . : S 100 - .
anisotropic paramagnetic shifts due to the Van Vleck sus- 3
ceptibility are a well known feature of RE ions with sin- £ s i =B, (100)
glet ground states. ‘—MP -
We write the total electronic and nuclear spin Hamilton- 0
ian in the form PR R R ! L .
" 10 8 6 -4 -2 0 1 2 3 4
H = Her + gyupIBo + A/ JT — yhIBy. (1) B, (T)

He; is the crystal-field Hamiltonian of thef shell, g, = FIG. 2. Field dependence of tH& Pr-resonance frequency at

. 8 , ; N
0.8 is the Landé factor of theH, configuration of P¥" 3 3"k "With the field along (001) (left) and (100), (010) (right).
according to Hund'’s rulesyp is Bohr's magneton),I  The lines are calculated from Eg. (3) with the magnetization
are the operators of the total electronic angular momenturaccording to the crystal-field parameters in Table I.
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corresponds directly to a static moment @fhv/A; =  aligned along either (100) or (010), because no splitting of
0.017 wp/Pr, smaller than the one in f2uQ;. the line can be resolved with the field along (110) (Fig. 1).
Such a small Pr moment is in clear contrast to the curThis orientation of the Pr moments is in contrast to the
rent interpretation of the large magnetic Bragg peaks obene proposed tentatively from neutron scattering [3] but
served in neutron diffraction below 18 K in PrBau;sO;  in agreement with Mdssbauer experiments [17] and our
[13]. A moment of0.017up corresponds to nearly un- analysis of the Cu NMR and NQR in PrBaw;Og.
detectable small Bragg reflections. We emphasize, there- In order to discuss the field dependence of the reso-
fore, that the evidence for the small moment presentedance frequency (Fig. 2) and to determine the crystal-field
here is quite strong, once the applicability of Hund’s rulessplittings from the field-induced Pr moments, we neglect
for PP" is accepted: There are no free parameters excepiie small influence of the nuclear contributions to the elec-
the magnetic moment in Eq. (3), which describes the fultronic magnetization and calculate the expectation value
field and orientation dependence of the Pr NMR at lowof M by a numerical diagonalization of the electronic part

temperatures (full lines in Fig. 2, see below). H.) without the two nuclear contributions,
We conclude that the large magnetic Bragg peaks

observed in PrBaCu;0; at low temperatures originate Hep = gyupJBo + Z Z BinO)",

from the CuO sublattices. The NQR of the Cu(l) sites =1 m=0

—gspupTr{exp(—He /ksT)J} 4)
Tr{iexp(—He1/kgT)}

excludes the presence of any sizable static moment in
the chains of our Al-free crystal [7]. The magnetic
response of the CuOplanes is a difficult problem. On
one hand, we cannot exclude that the localized holes We measured only at low temperatures and neglect the
in the planes might carry a moment [4]. The momentsadmixture of multiplets with higher angular momentum
would have to be localized at the oxygen, because th&/ = 5,6) observed in INS. Within the nine energy lev-
NMR spectrum of Cu in the plane is very similar to els of the multiplet/ = 4, we can use standard Steven’s
the one in the REB&L WO cuprates. We believe it is operatorsD;” for the4f shell [18]. Only operators com-
very improbable that ordering of the small Pr momentspatible with the transformations of the Pr site symme-
induces magnetic order in such hole states, which shoulty (2/mm or D,;) contribute, namely] = 2,4,6, m =
then account for the Bragg peak. On the other hand, i0,2,4,6 = [. Our data are clearly insufficient to deter-
has been noted in recent neutron diffraction work thammine independently the nine crystal-field paramef@ys
for Al-doped crystals the magnetic transition of the Cuof H.¢ in orthorhombic symmetry without further infor-
bilayers from the so-called antlferromagnenc AF | to themation, thus we also fit the upper six crystal-field energies
AF-Il structure gives rise to Bragg peaks(ét 7, 2) also observed in INS [3].
assigned to Pr [10,15]. Antiferromagnetically coupled The anisotropic susceptibility is dominated by the large
Cu b|Iayers still cannot contribute to the main magneticmatrix elementgW¥lJ, , |V ) (in plane) andWy|J,['¥3)
peak(2 2,O) due to a vanishing form factor. We propose (parallelc) and determinegy, ..., E5 in Table | to within
that Pr couples the two adjacent Cu@ayers below =10% and thel’; symmetry of the ground state. The
18 K ferromagnetically. In this way it may induce a best fit to the energies and our high field data was ob-
ferromagnetic stacking sequence of the Gplanes. The tained with By, and By, to describe the orthorhombic
small Pr moment is, in this model, a consequence oflistortion: B4 = 0.325, B4 = 1.665, Bgy = —0.0022,
the dipolar field from the Cu moment84, =~ 0.15T)  Bes = 0.0252, By = —1.9, and By, = 1.2 (in kelvin).
and Pr exchange fields. The transferred hyperfine field§he errors are large sincBiy, Bsy, and Bg can be
present in BCuQ, [14] vanish by site symmetry. No introduced as well to describe the orthorhombicity; the
critical behavior has been detected in the Cu(1) NQR uresent choice is mainly for convenience. Thg given
to 20 K, so the rearrangement of Cu(2) spins must occunere should guide a possible reevaluation of the INS
in a noncritical manner. data, including thel’; ground state symmetry and the
The induced Pr moment must be oriented along thdarger splitting of the quasitriplet. In order to describe
dipolar field, which is perpendicular to theaxis. The the deviations from straight lines at low field in Fig. 2
presence of a single line when the field is applied alongn the present approximation we introduce a local mag-
the ¢ axis shows that the ordered Pr moments are indeenetic field byB;, 0| and fitted the full experimental field
within *15° perpendicular to the axis. Otherwise, the dependence of the Pr resonance (lines in Fig. 2) with
corresponding component of the hyperfine field in the twaB;; = 0.2 K, corresponding to 0.38 T, and an orthorhom-
antiferromagnetic sublattices would add or subtract fronbic distortion By, = —0.08 K instead ofB,,. The field
the external field (insets to Fig. 2), leading to a broadenings only a factor of 2 larger than the pure dipolar field
or splitting. The splitting with field applied along (100) from the nearest Cu neighbors in the arrangement pro-
and (010) into three broad peaks is due to the vectoposed above. This set &, fits our magnetization data,
addition of the external and the transferred field inducinghe transition energies observed in INS, and the suscep-
the moment (see Fig. 2). The spontaneous moments atibility y. Below 20 K we calculategy,, = 3.0 X 1073,

M) =
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