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Spin dynamics and antiferromagnetic order in PrBa,Cu,Og studied by Cu nuclear resonance
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Results of the nuclear resonance experiments for the planar Cu sites ipCRsBg are presented. The
nuclear magnetic resonance spectrum at 1.5 K in zero magnetic field revealed an internal field of 6.1 T,
providing evidence for an antiferromagnetic order of the planar Cu spins. This confirms that thel@nés
are insulating; therefore, the metallic conduction in this material is entirely due to the one-dimensional zigzag
Cu,0O, chains. The results of the spin-lattice relaxation rates measured by zero-field nuclear quadrupole reso-
nance above 245 K in the paramagnetic state are explained by the theory for a Heisenberg model on a square
lattice.
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There has been increasing interest in quasi-oneis not superconducting but remains metallic down to low
dimensional correlated electrons. Theoretical studies on gerlemperature$*> Muon spin relaxation experiments at zero
eralized Hubbard ot-J models for chains and ladders have field by Yamadeet al. revealed the onset of an internal field
revealed a rich phase diagram associated with various instat 220 K and a second magnetic transition at 17 K, which
bilites towards spin density wave, charge order, andwere ascribed to the order of Cu spins and Pr moments,
superconductivity~> Experimental studies have been fo- respectively® Kikuchi et al. performed Cu NMR experi-
cused mostly on organic and cuprate materials. Many phasesents on a powder sample with theaxis aligned by mag-
including superconducting states were found, for example, imetic field!* They found that the signal from the planar Cu
the organic Bechgaard sdltand cuprate ladder materidls.  sites disappears below 250 K, which they attributed to the

Pr-based cuprates also provide model systems of stronginagnetic order of the planar Cu spins, while the signal from
correlated quasi-one-dimensional electrons. The best studiedhain Cu sites remains intact. Recent resistivity measure-
compound is PrBaCu;0,, which is isostructural to the su- ments on single crystals by Horét al® and by Hussey
perconducting YBsCu,O, but yet insulating. The antiferro- et al® revealed large in-plane anisotropy, indicating that the
magnetic order in the CuOplanes found by nuclear mag- conduction is dominantly due to chains. Thus PiBa,Og
netic resonancéNMR) experiment$ and the large charge provides a unique example of metallic quasi-1D electrons
transfer energy gap in the optical conductivity spectrumwithout apparent disorder.
along thea directior! in PrBaCu;O; indicate that the elec- In this paper, we report the results of nuclear resonance
tronic structure of the Cuplanes is similar to that in un- experiments on the planar Cu sites in PyBa,Og at zero
doped Mott insulators such as YRau;Oz. Fehrenbacher magnetic field. The results on the chain Cu sites are reported
and Rice proposed a model including localized hole stated a separate paper. The spectrum at 1.5 K revealed an inter-
made of Pr 4 and O 2. hybridized orbital&to explain the nal field of 6.1 T due to antiferromagnetic order of the planar
insulating nature of the CuQplanes. The Cu®chains, on Cu spins. The nuclear spin-lattice relaxation rat€;Wwas
the contrary, remain paramagnetic and show a midinfraretheasured using the NQR signal at zero magnetic field in the
optical peak, consistent with the hole concentration of paramagnetic state above 245 K. The temperature depen-
~0.5 per Cu. Such a quarter-filled one dimensional bandience of 1T, is consistent with the theoretical formula,
was also observed by angle-resolved photoemissiod/T,xT%exp(1.13/T), for the spin¢1/2) Heisenberg model
experiments. In the NMR/NQR (nuclear quadrupole reso- on a square latti¢8 with the exchange integral=1230 K.
nance experiments for the chain Cu sites, @ire et al. The powder sample of PrB@u,Og was synthesized by
found a large enhancement of the spin-lattice and spin-spisolid-state reaction under high pressure as described in Ref.
relaxation rates due to electric quadrupole interactfiofhis ~ 11. The NMR/NQR experiments were performed with the
suggests that the insulating behavior of the chains is due tstandard spin-echo pulse sequence combined with the inver-
charge-orderingcharge density wayenstability. sion recovery method fof; measurements.

PrBaCu,Og has the same structure as the superconduct- We show in Fig. 1 the spin-echo NMR spectrum at 1.5 K
ing YBaCu,Og with Cu,0O, zigzag chains. This compound in zero external field. The spectrum has three distinct peaks
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STy e T MHz) and YBgCu,Og (29.7 MH2. Since in both com-
pounds, the EFG tensor is axially symmetric around ¢he
axis, we assume this to be the case in B@BaOg as well.
Then the angl® between the axis and the magnetic hyper-
fine field in the ordered state is given by the relatiep
=vg(3cos6-1)/2, leading to the value ofi=77° or 38°.
We adopt the former value, since analysis of the NMR spec-
tra in the antiferromagnetic state of both Yj8arOg (Ref.

X 17) and LaCuQ, (Ref. 18 concluded that the magnetic hy-
F N "H-h_- perfine field is parallel to theb plane within 10°. This is

i el also consistent with the fact that the ordered moment in the
40 %0 g?equggcy (EI?HZ) % 100 110 parent insulators of the high; cuprates lies approximately

in theab plane. We note, however, that the NMR spectra in

FIG. 1. The spin-echo intensity for the planar Cu sites at zerdhe ordered state in PrB@u;O; (Refs. 6 and 1P and
magnetic field is plotted as a function of frequencyTat1.5 K PrBaCuOg (Ref. 20 show only one broad peak near 70
(symbols. The solid line is fit to the spectrum as described in theMHz with no resolved quadrupolar splitting, leading to a
text, which is the sum of six resonance lines shown by the dashethuch smaller value of~57° 1921
lines. If we use the values of the hyperfine coupling constants in

the Mila-Rice schenfé estimated for YBaCu;07,%% A,
at 52, 70 and 82 MHz. Because the spin-echo decay Tine =—16, A,,=3.4, B=4 T/ug, whereA.. andA,, are the
is very short, we did not attempt to correct the spin-echchyperfine fields from the onsite spin aBds the supertrans-
intensity for possible frequency variation ®5. The spec- ferred hyperfine field from a nearest-neighbor spins, the
trum with more than two peaks at frequencies much largemagnitude and the direction of the ordered moment are esti-
than the typical NQR frequencies of high- cuprates mated to be 0.5@:z and 4.6° out of theb plane. The hy-
(~30 MHz) points to the presence of a larger internal mag-perfine coupling constants in Prg2u,0Og, however, are not
netic field due to antiferromagnetic order. accurately known. The magnitude and the direction of the

To understand the spectrum, we consider the Hamiltonianrdered moment thus obtained are subject to rather large
for spin{3/2) nuclei in a magnetically ordered state in the uncertainties.
presence of electric field gradie(FG), which is written as In the paramagnetic state, we measured the nuclear spin-

lattice relaxation rate T4 by using Cu NQR signal in the
He= yudiHid + eQ temperature range 245-320 K. We could not obserye the
NTHINz T 41 (21-1) NQR signal at lower temperatures. This is consistent with the
. . Neel temperature of 220 K revealed by both the disappear-
Here, yy andQ are the gyromagnetic ratio and the quadru-ance of the planar Cu NMR sigrtakat a high magnetic field
pole moment of the nuclek;y is the magnitude of the in- anq the onset of the internal field at the muon sifes.
ternal magnetic field whose direction is taken to be the  Nyclear relaxation in two-dimensional quantum antiferro-
direction, andv,,= 9°V/dz* is thezzcomponent of the EFG  magnets was theoretically studied by Chakravarty and
tensor. Since the analysis of the spectrum shown below indiorhacR? in the renormalized classical regime, where the
cates that the magnetic Zeeman interaction is much |ar95§j’round state is a Mg ordered state. For the case of the
than the electric quadrupolar interaction, only the first-orderspinﬂ/z) Heisenberg model on a square lattice with the

effect of the quadrupolar interaction is included in the above,earest neighbor exchandel/T, is expressed as
Hamiltonian.

When the values dfl;,; andV,, are given for one isotope

Intensity
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2 3/2 3
(%3Cu), we can compute positions of all six resonance lines, i: 0.1342Aqynh) ( T ) 1 )
three lines corresponding to the transitions= 3/2—1/2, T, 2mpsh 27ps 1+T/2mpg
1/2— —1/2, — 1/2— —3/2 for each of the two isotope&§>Cu )
an(_JI 5Cu), by using the known ra_tios of the gyromagnetic xex;{ Trps)’ )
ratios (3y/%°y=0.933) and electric quadrupolar moments T

(%3Q/%5Q=1.081) for the two isotopes. The solid line in Fig.
1 is the fit to the experimental spectrum with the valueswhereps=0.18] is the spin-stifiness constant adg,= A,
Hix=6.1 T and v,,=3eQV,/2hl(21 —1)=13.4 MHz for = —4B. When the temperature is much smaller thamp2
63Cu. The half width at half maximum fot®Cu is 1.5 MHz ~ =1.13), 1/T;T*® is expected to be proportional to
for the central line (,=1/2——1/2) and 2.1 MHz for the exp(1.13/T).
satellite lines [,= = 3/2~ *=1/2). Thus the NMR spectrum The observed T/, at the planar Cu site includes the con-
provides direct evidence for an antiferromagnetic order otribution from the Pr local moments through dipolar interac-
the planar Cu spins. tion, (1/T4)4¢, in addition to the contribution from the planar

In the paramagnetic state above 245 K, we observed NQRu spins. Thus we must subtract it from the experimental
signal at zero field fo3*Cu nuclei atvg=31.2 MHz, which  data before comparing with the theory. Since the temperature
is close to the resonance frequency in ¥B8e0; (31.2  range of our measurements is higher than the ordering tem-
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perature of the Pr momentd ( 4= 17 K), (1/T;)4 can be 22 I L I S
estimated from the following formula valid in the high tem- 15E ® E
perature limit?>26 10E o 3

1) 227 %i(gsme)? 3(5—3c0g6;) ¥ o5k o » ]

—| = IO+ ————. w °f o o ]

T, af 3 Wex 4I’J- © i Qo i

() . ®
- B S 7
whereJ=4, g;=0.8 is the Landgg factor of PF*, and#; is = >
the angle_ betwe_,-en theaxis andr; connecting a Cu nucleus L fg F?f%fé“ﬁifé‘r”&ﬁi? al) |
and a neighboring Pr moment. The exchange frequengy , " P||'1248 corrected
IS given as 1.0 2.0 3.0 4.0
2 J44 1000/ T(K™)
Wey= 57\12384' 1), (4)

FIG. 2. The nuclear relaxation rate in the paramagnetic state.
whereS=1, z=4 is the number of nearest-neighbor Pr sites,The data of I, T*° are plotted against I/ The raw experimental
andJ,; is the exchange interaction among Pr moments tha#ata for PrBaCu,Og are shown by open squares. The results after
can be estimated from the mean field expression for the ogubtracting the temperature independent contribution from Pr mo-
dering temperature Ty 4=J,zS(S+1)/3ks. We obtain ments are shown by solid squares. For comparison, the data for
We=1.94x 1012571, The sum over the Pr sites in EQ®) is LaZCuO_4 reported by Matsumurat al(Ref. 27 are also shown by
dominated by the four nearest neighbors. By puttipg open circles.
=2mx1.1285¢10° sT1 G, co$;=0.28, and3;(1/r})
=3.29x 10" cm™®, we obtained (17,) ;=550 s 1.

In Fig. 2, we plot 1T, T*® against 1T using the corrected
data after subtracting (I{)4s (solid squares As shown by
the straight line, our results on Prg2u,0g4 are compatible
with the theoretical prediction. By fitting the data to Ef),
we obtained]=1230 K andAqy=5.6 T/ ug . Imai et al. first
presented such an analysis for their experiments o
La,Cu0,.?® They obtainedJ=1590 K for LaCuO,. The
smallerJ for PrBa,Cu,Og is consistent with the lower &
temperature. It is quite puzzling, however, that the value oﬁ
Aq obtained here is much smaller than the value estimated
for YBa,Cu;O,.2% Moreover, when combined with the inter- ~ We acknowledge Dr. V. Itoh for providing us the data of
nal field of 6.1 T, this would lead to the magnitude of the 1/T, in La,CuQ,. This work was supported by the Grant-in-
ordered moment approximately equal tagl. We do not Aid of the Ministry of Education, Culture, Sports, Science
have a satisfactory explanation for this yet. and Technology. S.F. was supported by the Japan Society for

In summary, we have confirmed that the ground state othe Promotion of Science.

PrBaCu,Og has an antiferromagnetic long-range order of
planar Cu spins. From the analysis of the NMR spectrum at
1.5 K, the magnitude and the direction of the internal mag-
netic field are determined. The direction of the internal field
is about 10° out of theab plane, indicating that the ordered
moments lie approximately within theeb plane, similarly to
rt]he case of YBgCu;Og and LgCuQy. This is, however, con-
trasting to the results reported for PH8arO,. The nuclear
relaxation rate above 245 K follows the relationT {71
1/T, which is expected for two-dimensional spib?2)
eisenberg antiferromagnets on a square lattice.
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