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35C1 NMR study of spin dynamics in Sr,Cu0,Cl,
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Measurements of the 3°Cl nuclear-spin-lattice relaxation rate (NSLR) are reported for SroCuO,Cl,
around the antiferromagnetic transition temperature 7n =260+ 0.5 K. The temperature dependence
of the Cu?* spin correlation length &(7") is obtained indirectly by using the conventional description of
NSLR and scaling arguments and compared with the £(T) obtained in La;CuQO4 by neutron scatter-
ing. In both systems £(T) follows the two-dimensional Heisenberg behavior renormalized by quantum
fluctuations except close to 7n where a crossover to a power-law 7 dependence is observed in

SI’zCquClz.

The discovery of the superconducting properties of lay-
ered CuO; materials has greatly revived the interest in the
magnetic properties of two-dimensional (2D) Heisenberg
antiferromagnets (AF). Sr,CuO,Cl, is a layered perov-
skite with body-centered-tetragonal K;NiF4 structure pro-
viding a good prototype for the study of the correlated
spin dynamics in 2D S = § systems, to be compared with
the analogous properties in the high-T, superconductors.

The structural and magnetic properties of Sr,CuO,Cl,,
studied in a number of recent papers by x-ray scattering,
neutron scattering, susceptibility, and muon spin rota-
tion,' 3 are almost identical to the ones in La,CuQg, ex-
cept for two important differences: (i) While the latter un-
dergoes an orthorhombic distortion, the Cl-substituted
material remains tetragonal down to at least 10 K. This
fact is believed to explain the different behavior of the sus-
ceptibility near T for the two systems. (ii) Sr,CuO,Cl,,
although potentially suitable for electron-type doping and
superconductivity has not led to any successful supercon-
ductor, in contrast with Sr- and Ba-doped La;CuQ4. One
should stress that Cl replaces the apical oxygen in the
CuQg octahedra, which is still under consideration as the
driving mechanism for high-T, superconductivity.

In La,CuOy4 neutron-scattering data yielded*> a Cu?*
spin correlation length & that has been fitted, in the
paramagnetic phase, by a theoretical model® for the 2D
Heisenberg S =% system that includes a reduction of &
from quantum fluctuations:

&/a=Csexp(2np,/ksT) ()

where C; is a constant of the order of unity and zp,=J
(for S=1%); J is the nearest-neighbor exchange energy
for Cu?* spin in the Heisenberg Hamiltonian

H= 2.]2 Si . Sj 5
(ij)
where the sum is over nearest-neighbor pairs.
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Nuclear magnetic resonance (NMR) and nuclear
quadrupole resonance (NQR) are local probes of time
correlations of local fields. Whenever the slowing down of
the local fluctuations is related to the increase of the spa-
tial correlations, the nuclear-spin-lattice relaxation rate
can be used to measure indirectly the correlation length.
For example, '*La NQR relaxation rates in slightly Sr-
doped La;CuQ4 were used to investigate the effect of
reduction of £(T) by the mobile charge defects.”:8

The *Cl nucleus (I = %) offers a suitable tool to probe
the microscopic static and dynamical effects occurring in
the CuO; planes. In this paper we present the results of a
33Cl NMR study in Sr,CuO,Cl,, with the aim of deriving
the correlation length and spin dynamics of Cu?* magnet-
ic moments to be compared with the corresponding behav-
ior in the other prototype La;CuOQOs.

The sample was prepared in polycrystalline form, as de-
scribed in Ref. 1. An unsuccessful search for $*°Cu
NQR and NMR signals, both in the paramagnetic and
AF phases, was performed. The lack of a detectable sig-
nal is most likely due to a very short T, analogously to
the case of La;CuQy.”

The *°Cl NMR signal, detected at Ho=5.8 and 8.2 T,
is characteristic of the (+ ¥ — 1) central line transition,
with satellite lines spread by first-order quadrupole in-
teraction in powders. The width of the 3°Cl central line
transition as a function of temperature is shown in Fig. 1.
Well above T the line width must be determined by nu-
clear dipolar interactions and, if present, second-order
quadrupole effects. The observed width is consistent with
a quadrupole interaction vp < 0.5 MHz for axial symme-
try. A point-charge calculation of the electric-field gra-
dient performed on the basis of the crystal structure and
assuming nominal charges (+2e) at the Cu and Sr atoms
and (—2e) at the O atoms yields vp== (1 — y»)20 kHz
which is, alone by itself, of the order of magnitude of the
experimental finding for a reasonable antishielding factor
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FIG. 1. Full width at half intensity of the **Cl central NMR
line vs temperature in SrCuQ;Cl, as obtained from the Fourier
transform (FT) of the free induction decay. Identical results
are obtained from the FT of half of the echo signal. (®)
Ho=5.8T, @) Ho=8.2T.

(1 —y»)=25. This indicates that the Cu-Cl bond is
largely ionic.

The result is consistent with the '"O NMR results in
La,CuOy4 where it is found that the apical O sites have a
vp=0.2 MHz, considerably smaller than for the O sites
in the CuO; planes.’ As shown in Fig. 1, the full width at
half intensity of the line increases on crossing Tn (=260
K, see below), reaching a value Av=24 kHz for T < 200
K. No measurable shift is observed below T indicating
that the transferred hyperfine interaction between the
35Cl and Cu?* spins is small. The broadening observed
below T can be entirely accounted for by the anisotropic
dipolar interaction of **Cl nucleus with the ordered Cu?*
magnetic moments. The dipolar field H qip, evaluated as-
suming the AF arrangement given in Ref. 2, is |Hgipl
=340(u/up) G.

In concluding about the NMR static properties, the
lack of transferred hyperfine field is consistent with the
weakness of the quadrupole interaction at the chlorine site
and both are indicative of a weakly covalent character of
the CuCl bond. Further work in a single crystal is under
way to better elucidate these aspects, which, however, are
not directly relevant for the study of the correlated spin
dynamics.

The relaxation transition probability W driving the *>Cl
nuclear-spin-lattice relaxation can be extracted from the
multiexponential recovery of the free-induction decay or
of the echo amplitude following a two-pulse sequence. By
assuming that the dominant relaxation mechanism is of
magnetic rather than of quadrupolar origin, one has a
recovery law for the central-line signal s (¢) given by

[s(¢) —5(o0)])/s (o) =c exp(—2Wt) +crexp(— 12Wt) .

The coefficients ¢, depend on the initial conditions fol-
lowing the saturating irradiation. For irradiation of the
central line by a single pulse ¢, =0.1 and c; =0.9 (case 1);
for irradiation of the central line only, with a pulse se-
quence much longer than W !, ¢, =0.4 and ¢, =0.6 (case
2). Finally, for irradiation and complete saturation of
both the central and satellite lines, ¢; =1 and c; =0 (case
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3). In our case the satellite lines are spread over a fre-
quency range which allows only for partial irradiation.
Thus we observe a gradual modification of the recovery
law from case (2) to case (3), as function of the number
of the pulses in the saturating sequence. By studying the
recovery law under variable irradiation conditions a reli-
able estimate of 2W has been obtained.

The results for ;"' =2W as a function of temperature
are shown in Fig. 2. Within the experimental error the re-
sults for T, appear independent from the magnetic-field
strength, indicating that the fluctuation frequency of the
Cu?? spin dynamics remains much greater than the Lar-
mor frequency. Thus the peak in T ' vs T occurs at the
transition temperature'® and one derives Ty =260+ 0.5
K. Below Ty, the relaxation rate W drops rapidly as ex-
pected for ordered magnetic materials.'' In the paramag-
netic phase one has a critical enhancement of W on ap-
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FIG. 2. (a) ¥Cl spin-lattice relaxation rate 2W vs tempera-
ture in Sr2CuO:Cly; (@) Ho=5.8 T, (@ Ho=8.2 T. The AF
transition temperature, estimated from the peak in 2W is
Tn=260+0.5 K. The dashed and solid lines are aids to the
eye. (b) 2W is plotted vs reduced temperature e =(7T —Tn)/Tn
and compared with a power-law behavior with critical exponent
n=1.2.
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proaching Ty, indicative of the divergent behavior of the
magnetic correlation length and the corresponding slow-
ing down of the correlated spin dynamics. '°

In order to discuss quantitatively the critical spin dy-
namics in the paramagnetic phase we relate the °Cl re-
laxation rates to the correlation functions of the Cu?*
spin components S,(z).!" For fluctuations faster than the
Larmor frequency one writes

=4y f s h_Odr , @

where h(z) is the effective local field at the nuclear site.
For a nucleus-electron hyperfine Hamiltonian including
the dipolar part which should be relevant here (see previ-
ous section) and by assuming isotropic fluctuations of the
S, components (Heisenberg model), Eq. (1) can be
rewritten in terms of the collective spin components Sq in
the form'°

1 _
W=t 72W§|hq|2f(S; 0)Sq (D))dr

=73 Ihg|2ISql/r, 3)
q

where |Sq|? is the mean square amplitude and g is the
decay rate of the collective spin fluctuations, while hq is
the Fourier transform of the lattice functions which cou-
ple the Cl nucleus to the Cu?* spins S;(s). Since the
hyperfine field at the *°Cl site does not cancel for an AF
arrangement of the Cu?? spins, one expects the main con-
tribution to the 33Cl relaxation rate to come from AF fluc-
tuations.'® By expanding the hq factor around the value
corresponding to the critical wave vector describing the
staggered order below Ty and by using conventional scal-
ing arguments'? for the g dependence of the in-plane
correlated fluctuations, Eq. (3) becomes

27nf(qé)
2W=( he )2_‘_ _g_f__q_L, 4)
The) e g)

where heq is the static field at the Cl site resulting from
the Cu?* configuration of the ordered magnetic structure
while q is the 2D wave vector measured with respect to
gar. In Eq. (4), we have written |Sq|? in terms of the
correlation length (in lattice units) while the decay rate of
the fluctuations has been expressed by a scaling form in
terms of the Heisenberg exchange frequency w.: T
=(w./E7)g(g&), z being a characteristic dynamical scal-
ing exponent, and f(g¢) and g(g&) are homogeneous
functions of the product x =q¢&. By transforming the g
summation in Eq. (4) into a 2D integral and taking into
account the convergence of [[f(x)/g(x)1dx to a number
of the order of unity, one finally has

1

e

2W =(yhg)?—E&7 7", (5)

It is noted that in the high-temperature limit of
no correlation [E— 1 from Eq. (1)1, Eq. (5) reduces
to the well-known result for paramagnets.'' With o,
=[(8/3)17%ZS(S+1)1"}/h=3x10"" rad s~' for J
=860 K (Ref. 2) and Z=4 (number of nearest-neighbor
magnetic ions), and with (heg)2=Xh?=10° G2 for the
estimated value of the uncorrelated Cu?* dipolar field at

the Cl site, one has QW)7 . »=2%10 25! Since this
value is much smaller than the experimental data at the
highest temperature measured (i.c., 2W=0.75s '), one
can infer that correlation effects are already relevant for
T =400 K. In the discussion which follows we derive
&(T) from Eq. (5) assuming that dynamical scaling is
obeyed. It should be stressed that only scattering experi-
ments directly measure spatial correlations. The con-
sistency of NQR results with neutron-scattering results is
an indication that dynamical scaling is valid in the system
investigated.

The divergence of the relaxation rate for 7— TN is of
the form 2W o« (T—Ty) ™", with n=1.2 % 0.1, as shown
in Fig. 2(b). This critical behavior is close to the one
observed in the 'F NMR linewidth in the 2D Heisen-
berg model system K;MnF4. '3 From Eq. (5) and setting
Eax(T—Ty) " one has n=v(z—n). It has been ar-
gued'? that the large value of n should be ascribed to a
crossover, close to Ty, towards an anisotropic Heisenberg
system. Thus a value of (z —7) of the order 2 appears
reasonable for the dynamical critical exponent. By using
(z —n) =2, from the experimental data for 2, on the
basis of Eq. (5), one can extract the temperature depen-
dence of £ shown in Fig. 3. In this derivation we have es-
timated her=360(u/ug) G and u=0.35u5.2 This value
of the hyperfine field was calculated as explained above,
and it corresponds to the short-range AF correlated spin
arrangement equivalent to the long-range order observed
below Ty by neutron scattering.? The temperature depen-
dence of & for Sr,CuCl,0; is compared in Fig. 3 with the
corresponding value of £ for La,CuQOy obtained from neu-
tron scattering.*> The remarkable agreement between the
absolute values of the two sets of data has to be considered
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FIG. 3. (O) Correlation length & vs 100/T in Sr2CuO,Cl;, ob-
tained from the **Cl NMR relaxation rate as explained in the
text. (®) correlation length derived from neutron scattering in
La;CuOs4 (Refs. 4 and 5); (x) correlation length estimated from
139La NQR relaxation rate (Refs. 7 and 8), with the tempera-
ture renormalized to the Tn =195 K of the sample studied by
neutron scattering. The solid line corresponds to the theoretical
behavior [Eq. (1)] with 27p, =1000 K and C;=1.7, a=3.95 A.
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as partly fortuitous in view of the uncertainty in the evalu-
ation of the effective hyperfine field in Eq. (5). On the
other hand, the comparison of the temperature depen-
dences of & is very enlightening. For T= Ty +17 K, & vs
T is well described by an exponential behavior [Eq. (1)1,
with approximately the same exponent, for both systems.
For e=(T—Tn)/Tn <7%10 % one can see, in Sr,Cu-
0,Cl,, the crossover from the 2D Heisenberg quantum
behavior to a power-law behavior characteristic of a sys-
tem approaching a phase transition. Regarding La;CuOy4
no neutron-scattering data seem to be available in a com-
parable temperature range near Tn. The data for & in
La,CuO, obtained from '*La NQR relaxation just above
Ty do not show any critical enhancement, contrary to
Sr,CuCl,0; (see Fig. 3).

In summary, the C1 NMR investigation of the Cu?*
spin dynamics in Sr;CuO;,Cl; has revealed an interesting
behavior of the correlation length, which displays a cross-
over from 2D S = 5 Heisenberg to a power-law behavior
at |T/Tx —1| < 7% 10 2 The similarities of the magnet-
ic properties of Sr,CuO;,Cl, and the one of La;CuOQy, al-
ready widely recognized,' ™ is confirmed here also in re-
gard the Cu?* spin dynamics, except for the crossover
effects. A crossover from 2D to 3D Heisenberg is very un-
likely in Sr;CuO;Cl; in view of the small interplane cou-
pling (smaller than La;CuQOy4).?2 A crossover from 2D
Heisenberg to 2D anisotropic Heisenberg should occur
when the reduced in-plane anisotropy satisfies h4(£/a)Z
=1." From Fig. 3, (&/a)e=100 and thus h,=(gus
xH4/ZJS)=10"*% Both the Cu?* dipolar interaction
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and the anisotropic exchange interaction in the plane are
of the correct order of magnitude to explain the cross-
over.'® The dipolar anisotropy would lead to a crossover
from 2D Heisenberg to 2D Ising while the second kind
leads to a 2D XY model. From the critical exponent ex-
tracted from NMR, i.e., n=v(z —7) =1.2 £ 0.1 (see Fig.
2), it does not seem possible to distinguish between 2D Is-
ing or XY behavior. If a similar crossover is not present in
La;CuQy, one should consider the possibility that, in this
material, £(7) is limited by mobile charge defects, even in
the nominally pure samples, a hypothesis already formu-
lated.®'” In SryCuO,Cl,, on the other hand, the substitu-
tion of the apical oxygen with chlorine,' apparently drast-
ically reduces the concentration of charge defects related
to O nonstoichiometry.

The authors thank P. Carretta for calculating the
electric-field gradient and the dipolar field and S. Aldro-
vandi for technical assistance. D. R. Torgeson and J.
Ziolo are thanked for performing the high-field measure-
ments. Ames Laboratory is operated for the U.S. Depart-
ment of Energy by lowa State University under Contract
No. W-7405-Eng-82. The work at the Ames Laboratory
was supported by the Director for Energy Research,
Office of Basic Energy Sciences. The work at Pavia Uni-
versity was supported by INFN (Instituto Nazionale di
Fisica Nucleare), by INFM-GNSM (Grant No. MPI
40%) and by the National Research Council of Italy
(CNR) under “Progetto Finalizzato Superconductive and
Cryogenic Technologies.”

*On leave from Department of Physics, College of Liberal Arts
and Sciences, Kyoto University, Kyoto, Japan.

IL. L. Miller, X. L. Wang, S. X. Wang, C. Stassis, D. C.
Johnston, J. Faber, Jr., and C. K. Loong, Phys. Rev. B 41,
1921 (1990).

2D. Vaknin, S. K. Sinha, C. Stassis, L. L. Miller, and D. C.
Johnston, Phys. Rev. B 41, 1926 (1990).

3L. P. Le, G. M. Luke, B. J. Sternlieb, Y. J. Uemura, J. H.
Brewer, T. M. Riseman, D. C. Johnston, and L. L. Miller,
Phys. Rev. B 42, 2182 (1990).

4Y. Endoh et al., Phys. Rev. B 37, 7443 (1988).

5K. Yamada, K. Kakurai, Y. Endoh, T. R. Thurston, M. A.
Kastner, R. J. Birgeneau, G. Shirane, Y. Hidaka, and T. Mu-
rakami, Phys. Rev. B 40, 4557 (1989).

6S. Chakravarty, B. I. Halperin, and D. R. Nelson, Phys. Rev.
Lett. 60, 1057 (1988); Phys. Rev. B 39, 2344 (1989).

F. Borsa, M. Corti, T. Rega, and A. Rigamonti, Nuovo Cimen-
to Soc. Ital. Fis. 11D, 1785 (1989).

8A. Rigamonti, F. Borsa, M. Corti, T. Rega, J. Ziolo, and F.
Waldner, in Earlier and Recent Aspects of Superconductivi-
ty, edited by J. G. Bednorz and K. A. Muller (Springer-

Verlag, Berlin, 1990), p. 441.

9K. Ishida, Y. Kitaoka, G. Zheng, and K. Asayama, J. Phys.
Soc. Jpn. (to be published).

10F, Borsa and A. Rigamonti, in Magnetic Resonance at Phase
Transitions, edited by C. P. Poole, Jr., F. J. Owens, and H. A.
Farach (Academic, New York, 1979), p. 79.

''T, Moriya, Prog. Theor. Phys. 16, 23 (1956); 28, 371 (1962).

12p, C. Hohenberg and B. 1. Halperin, Rev. Mod. Phys. 49, 435
(1977).

13C. Bucci and G. Guidi, in Local Properties at Phase Transi-
tions, edited by K. A. Muller and A. Rigamonti (North-
Holland, Amsterdam, 1976), p. 624.

14H. Benner and J. P. Boucher, in Magnetic Properties of Lay-
ered Metal Compounds, edited by L. J. De Jongh (Kluwer
Academic, Dordrecht, 1990), p. 323.

I5R. J. Birgeneau, Phys. Rev. B 41, 2514 (1990).

16M. Matsuda et al., Phys. Rev. B 42, 10098 (1990).

17G. Aeppli, S. M. Hayden, H. A. Mook, Z. Fisk, S. W. Cheong,
D. Rytz, J. P. Remeika, G. P. Espinosa, and A. S. Cooper,
Phys. Rev. Lett. 62, 2052 (1989).



