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Spin-Spin Correlation in the Quantum Critical Regime of La;CuO4
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We report measurements of the >Cu nuclear spin echo decay rate ®*1/T5 in the paramagnetic state
of a quasi-two-dimensional antiferromagnet La;CuOgs up to 900 K, and from it deduce the temperature
dependence of the spin-spin correlation length & & shows a crossover from é~exp(J/kgT) in the renor-
malized classical regime (TS 600 K) to £~J/kgT in the quantum critical regime (72 600 K), where J
is the exchange interaction. Our finding that the ratio *T7/%3T,¢ is temperature independent, where
63T is the %>Cu nuclear spin-lattice relaxation time, gives clear evidence for quantum critical scaling.

PACS numbers: 76.60.—k, 74.72.Dn, 75.40.Cx, 75.40.Gb

The discovery of high-T, superconductivity in doped
La,CuQ4 promoted strong interest in the physical proper-
ties of the undoped antiferromagnetic parent material be-
cause of its low dimensionality and strong quantum phe-
nomena [1]. It is firmly established that the magnetism
of La,CuQy4 can be described very well based on the two-
dimensional Heisenberg model with a nearest neighbor
exchange interaction J (~1500 K) [2],

H=XJS:S;, (1)

i=j

where S; is a copper d spin (S = %) at a lattice site i. A
weak intralayer coupling induces a three-dimensional
antiferromagnetic ordering at 7Tn~300 K. Neutron
scattering experiments by the Brookhaven Collaboration
carried out up to 540 K demonstrated that the copper
spin-spin antiferromagnetic correlation length £ shows a
very strong temperature dependence even far above Ty
[3]. Chakravarty, Halperin, and Nelson [4] showed
theoretically that there are two regimes in the paramag-
netic state of La,CuQy4. One is the renormalized classi-
cal regime, Ty < T S2p; (ps=0.18J~300 K is the spin
stiffness constant), where & is shown to satisfy an ex-
ponential temperature dependence [4,5]

2mps
T

£ _ 0498

a  1+0.5Qup)/T < @)

a is the in-plane lattice constant (3.8 A), kg is the
Boltzmann constant. The other is the quantum critical
regime (2p; S T), where & satisfies

&la~cohclkpT . 3)

cg is a constant of order of unity, Ac =\/§JaZ (z.
=1.158) is the spin wave velocity.

Very recently Imai et al. [6] reported that the 63Cu nu-
clear spin-lattice relaxation rate %1/T, in LayCuO,
satisfies a simple relation ¢31/7T)~T'3¢~TSexp(2np,/
kpT) in the renormalized classical regime as predicted by
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Chakravarty and Orbach [7]. Their observation, as well
as neutron scattering experiments by Yamada et al. [8],
strongly supports the dynamical scaling theory [4] em-
ployed by Chakravarty, Halperin, and Nelson to relate
the dynamical structure factor S(q,®) with the equal
time correlation function S(q), where q and w are wave
vector and frequency, respectively. The 3*Cl NMR ex-
periments for a similar material Sr,CuO,Cl; by Borsa et
al. also showed the validity of the dynamical scaling at
low temperatures [9]. However, Imai e al. also found
that ©1/T, levels off to ~2.8%103 above 650 K, which
clearly indicates the breakdown of the renormalized clas-
sical behavior. Moreover they found that even the Sr-
doped high-temperature superconducting phase Lajgs-
Sro.15CuQy4 exhibits essentially the same behavior at high
temperatures. Chubukov and Sachdev [10] pointed out
that these results can be accounted for by quantum criti-
cal scaling [4,10] which relates S(q,0) and S(q)
differently from the case of dynamical scaling. More re-
cently Sokol and Pines [11] showed that quantum critical
scaling can be verified if the ratio [%1/Ty1/[%1/
T\ T1=%T,T/%Ty is temperature independent, where
631/T,c is the Gaussian component of the 63Cu nuclear
spin echo decay rate, and used it as a base for their dis-
cussion of the unified picture of the phase diagram of La
and Y cuprates.

Prior to the present work, there has been no experiment
in the quantum critical regime of LaCuQOy4 other than
our %31/T, measurements [6] because of technical dif-
ficulties at high temperatures. In the present paper, we
report the temperature dependence of 31/T,; between
450 and 900 K, i.e., in both the renormalized classical
and quantum critical regimes. As explained below,
631/T ¢ is known to give quantitative information regard-
ing x'(q), the real part of the wave vector q dependent
static spin susceptibility, and hence allows us to deter-
mine the correlation length & [12]. Our results are the
first measurements of the temperature dependence of £ in

0031-9007/93/71(8)/1254(4)$06.00

© 1993 The American Physical Society



VOLUME 71, NUMBER 8

PHYSICAL REVIEW LETTERS

23 AUGUST 1993

the quantum critical regime of La,CuQO4. We test Eq.
(3) for & in the quantum critical regime, and demonstrate
that the linear temperature dependence of 1/ [4] with
positive intercept [10], 1/~ T +const, indeed holds. By
comparing the results of $1/Ty [~+/2q{x'(@)}?, see
below] and ®1/T) [~TXqx"(q,0,) ~2qS(q,w,) [13],
where x"(q,w) is the imaginary part of the dynamical
electron spin susceptibility and @w,~33 MHz is the nu-
clear quadrupole resonance (NQR) frequencyl, we will
also present an unambiguous experimental evidence that
83T,T/%3 T4 is temperature independent, as predicted by
Sokol and Pines [11], so that y"(q,w) and x'(q) exhibit
quantum critical scaling [4,10].

The %Cu NQR and NMR experiments were carried
out utilizing the standard pulsed NMR spectrometer of
our laboratory. In our previous study, a tiny amount of
oxygen (§~0.0035 per unit cell) was absorbed by the
polycrystalline sample warmed up in air, resulting in the
motional narrowing effect [14] above 600 K possibly due
to the fast motion of the excess oxygen atoms. This did
not allow us to measure the temperature dependence of
631/T,¢ [6]. To avoid oxygen absorption, our new sam-
ple (T =308 K) was sealed in a quartz vacuum tube
whose diameter is 5 mm. The temperature dependence of
the 3Cu NQR frequency did not reveal any anomaly
around 750 K, indicating that no absorption of the oxy-
gen into the sample took place in the process of our mea-
surements in contrast to our previous report. The refined
data of ®1/T| measured by NQR showed perfect agree-
ment with our published results [6]. Comparison of the
1/T, measured for 3Cu and ®*Cu isotopes indicated that
the spin-lattice relaxation is completely dominated by
magnetic relaxation processes in the entire temperature
range.

The Gaussian component of the ®3Cu nuclear spin echo
decay rate 631/T,c was obtained by fitting the time evo-
lution of the integrated intensity of the spin echo M (2t)
as a function of the separation time ¢ between the excit-
ing and the refocusing pulses to the following formula
with two independent parameters Mo and T,
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FIG. 1. The time evolution of the Gaussian component of the
integrated intensity of %Cu NQR spin echo, M(2t)/[M,
xexp(—2t/T2r)]. The straight line is the best fit by Eq. (4).
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The contribution of the spin-lattice relaxation processes
to the spin echo decay, %%1/T g, was determined by use of
the Redfield theory [14] as %1/T,x=(B+R)(%1/T))
[15]. The value of B is 2 and 3 for NQR and NMR mea-
surements, respectively, while R is the anisotropy of
631/T;, R=3.6 £0.2. As shown in Fig. 1, we clearly ob-
served a contribution of a Gaussian decay as reported
previously for YBayCu307 [16,17]. Our key result, the
temperature dependence of 31/T,; measured by NQR,
is presented in Fig. 2. To facilitate comparisons, we con-
verted our NQR data to the values expected for the
NMR measurements of the 3 to — 3 transition by mul-
tiplying our raw data of %1/T,; by a factor 1.07/v/2
[18].

As stressed by some of us before [17], ¢31/T 5 can be
measured correctly only when the linewidth of the reso-
nance line Af is sufficiently narrow compared with the
strength of the rf pulses H;. The NQR technique can be
applied to La,CuQO4 merely because Af, which is primari-
ly dominated by the mechanism of homogeneous
broadening [14], is exceptionally narrow [6]. In fact the
temperature-dependent NQR linewidth Af is an order of
magnitude narrower at high temperatures (Af=24+2
kHz at 900 K) than that of high-temperature supercon-
ducting materials whose NQR linewidth is dominated by
inhomogeneous broadening induced by disordering.
Since Af is nearly proportional to %31/T,; and diverges
with lowering temperature, we checked at 500 K that the
fitted value of 31/T»; does not change even if we reduce
H, by 50%.

If only the nuclear dipole-dipole interaction contributes
to 9%1/T,g, the results should be temperature indepen-
dent with a much slower rate, ~ 1800 sec ~ . Pennington
et al. [16] concluded from their single crystal NMR ex-
periments for YBa,Cu3O; that the c-axis component of
the indirect nuclear spin-spin coupling [14] dominates
631/T5 in high-T, cuprates. In such a case, Pennington
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FIG. 2. @ %1/T,c. O: 1/T,. Experimental errors are
about the size of the symbols. 0: The ratio 7, 7/%T .
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— + transition by NMR can be related to x'(q) by the
following relation [12,19]:

2
_069 | 1 ar(a)2
52 le‘;:fc(q) ¥ (@)

_1
Ty

2
] . (%)

The factor 0.69 originates from the natural abundance of
8SCu. f.(q) =A.+2Blcos(gya)+cos(gya)l is the form
factor originating from the hyperfine interaction between
the nuclear spin and the surrounding electron spins [20].
A, and B are the c-axis component of the nearest neigh-
bor and the transferred hyperfine interaction, respective-
ly. The physical origin of the relation between ®31/T ¢
and y'(q) results from the following: The hyperfine field
that originated from a nuclear spin polarizes surrounding
electron spins through nonlocal electron spin susceptibili-
ty ', r)=0/N)Xqe9"""y'(q), and the polarized
electron spins in turn interact with another nuclear spin.
Since the range of y'(r',r) is the correlation length &, the
temperature dependence of £ can be determined by the
measurement of %31/T,g. Since the form factor f.(q) is
peaked at q=(r/a,n/a) in the present case [20], 31/T ¢
is dominated by the short wavelength component of y'(q).
The observed monotonic increase of %1/T,; in Fig. 2
therefore indicates that x'(q) around the staggered wave
vector q=(n/a,n/a) increases monotonically with lower-
ing temperature due to the growing antiferromagnetic
correlation. It is worthwhile noting that the long wave-
length susceptibility y'(q =0) decreases in the same tem-
perature range [1,2].

If one has an explicit form for x'(q), Eq. (5) can be
evaluated. If the functional form depends on parameters
such as 7 and &, one can deduce the temperature depen-
dence of £ from the data of 91/T,;. Chakravarty and
co-workers [4] showed that y'(q) can be expressed by a
nearly Lorentzian formula in the renormalized classical
regime (7" <600 K),

g2 uBN3B,E?
3kgT Qrps/T+1)?

—|L 2,
[N %fc(q) 7'(q)

1+ Qx/B;) In(1+q2%£2)
1+q%&2

2 (q)=

]

(6)

where By, = 10!72, No=0.31, g=2, and up is the Bohr
magneton. A subsequent Monte Carlo study by Makivic¢
and Jarrel [21] found Eq. (6) is valid even in higher tem-
peratures with B; = 55. More recently the numerical cal-
culations by Glenister, Singh, and Sokol [22] based on
the high-temperature expansion technique showed that,
to a good approximation, a simple Lorentzian formula
2(q) =&Y (1+g22) reproduces their results in the
quantum critical regime (772600 K). Since the tem-
perature-dependent coefficient 1/T(2zp,/T+1)? of Eq.
(6) is nearly temperature independent (within ~17%)
between 600 and 900 K, we may use Eq. (6) in the entire
temperature range of Fig. 2. We note that our definition
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of £ is based on the width of static susceptibility x'(q).
Our definition coincides in the renormalized classical re-
gime with that of neutron scattering experiments, in
which € is defined as the width of the equal time correla-
tion function S(q), because y'(q) =S(q)/ksT holds in
the limit of dynamical scaling.

In the inset to Fig. 3, we show a fit of %%1/T,¢ T by Eq.
(6) using Eq. (2). We inserted the neutron value
2nps =1.13J=1730kp (J=0.132 eV [23]), and normal-
ized the integral by picking B; =39 to fit the value of
631/T»¢ below 600 K. The deviation from the renormal-
ized classical behavior makes the fit increasingly poor in
the quantum critical regime above 600 K. Plotted in the
main panel of Fig. 3 is the temperature dependence of
a/& determined by using Egs. (5) and (6) for the value of
B determined by Monte Carlo calculations B; =55 [21].
Essentially all that is assumed here is a Lorentzian-like q
dependence. The results do not change appreciably even
if we neglect the log term in Eq. (6) as shown in Fig. 3.
A different choice for the value of B; does not change the
qualitative aspects of the temperature dependence of a/¢&
in Fig. 3. Evidently, the results in the renormalized clas-
sical regime agree very well with neutron data by Keimer
et al. [3]. Above 600 K, the observed temperature depen-
dence of a/é can be approximated very well by a/¢
={(T —Ty), where Tp~400 K and ¢~2x10~% This
T-linear behavior with positive intercept is consistent with
the theoretical prediction based on the quantum critical
scaling theory [4,10] and high-temperature expansion
[22]. We also note that the first-principles calculations in
Ref. [22] reproduce our data of ®*1/Ts quantitatively
without any adjustable parameters.

Another striking feature of our experimental results
may be seen in Fig. 2, where we plotted the ratio of
81/T\T and %1/Tys. We find that 87,7/ Ty, ~4.2
%103 K is temperature independent to a high degree of
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FIG. 3. @ The temperature dependence of a/&é determined
by ®1/T using Eq. (6) for B;=55 and B;=0.23. O: a/¢
when the log term of Eq. (6) is neglected (i.e., for B; =55 and
By=0). 0O: a/& determined by neutron scattering (after Ref.
[3]). Solid lines are the best fits by a/é=¢(T — To). Inset: O,
831/T26T (sec 'K ™') as a function of 1000/T (K~'). The
dotted curve is a fit by Eq. (6) with exponentially temperature-
dependent & described by Eq. (2).
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precision between 450 and 900 K. This indicates that
there is a scaling relation between x'(q) and x"(q,®) as
discussed below. The results, however, disagree with the
prediction of the dynamical scaling theory, ®1/T,T
~T'3¢ and ®1/Ty~TE [4,7], hence ST ,T/%Tyg
~T9%5. On the other hand, Sokol and Pines [11] predict-
ed very recently that

83T\ T/%3T 16 =const+ 0 (p,/T) , @)

based on the quantum critical scaling theory [4,10].
Sokol and Pines also showed using the finite cluster
method that the quantity 37,7/%37T,;~4.3%x103 K is
nearly temperature independent around 7~750 K. This
means that the correction term O(p;/T) in Eq. (7) is ac-
tually very small, and the temperature independence of
83T T/% Ty is a criterion for quantum critical scaling.
We therefore conclude that the quantum critical scaling
holes in the quantum critical regime (72600 K) of
La;CuO,. The fact that 7,T/% T, is temperature in-
dependent down to 450 K suggests that the crossover
from the renormalized classical regime [7,7/%Tyg
~T% and &~expQrp,/T) at T<K2p,, where the
dynamical scaling hypothesis should hold] to the quan-
tum critical regime (837, 7/%3 T ~const and é~1/T at
T 2 2p;) takes place smoothly in the interval of a broad
temperature range.

In conclusion, we reported the temperature dependence
of the %>Cu nuclear spin echo decay rate %31/ in both
the renormalized classical and quantum critical regimes
of a quasi-two-dimensional antiferromagnet La,CuQj,.
The temperature dependence of the antiferromagnetic
correlation length ¢ was determined from the data of
631/T,6. The results in the renormalized classical regime
agreed with neutron scattering data. The temperature
dependence of £ showed a crossover above 600 K from an
exponential law to a quantum critical behavior, 1/
~ T+const. Moreover the ratio 837, 7/%3 T, was found
to be temperature independent. These results unambigu-
ously establish that the high-temperature properties of
LayCuQOy4 can be explained by quantum critical scaling.
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