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139La NQR Studies in ]ightly doped La2Cul-zL]z04 and Lau-=Erro.2&cKh
are reviewed. A strong enhancement of the 13gLa relaxation rate with a peak
accompanied by a sudden increase of the local field at low T has been observed
similarly to La2-&3zCu04. The anomalous magnetic properties are discussed in
the light of the microscopic segregation of doped holes into hol~rich domain walls
separating undoped AF domains.

1 Introduction

Understanding of the rich phenomenology associated with holes doped into
the antiferromagnetic (AF’) insulator cuprate continues to be a crucial prob-
lem in high temperature superconductors (HTSC). In La2-ZSrzCu04 (LSCO)
compounds, the AF ordering temperature TN is suppressed extremely rapidly
from x 300 K for z = O to -0 K by z x 0.02. Surpriakgly, the extrap
elated zero-temperature sublattice magnetization J@ is simultaneously d-

1’2 Most interesting phenomenonpressed with increasing z (decreasing TN).
in lightly doped LSCO is the abrupt recovery of the sublattice magnetization
M.(T), almost to z = Ovalues, at = 30 K followed by the continuous freezing of
the spin degrees of freedom obsenwd from 139La nuclear quadruple resonance
(iNQR) studies}*2 From the recent 13gLa NQR measurements in lightly doped
LazCul_zL1.04 (LCLO) 3 andLal.8-.Euckk&.@ (LESCO)$ westri~wly
observed the spin freezing and the recovery of JMS(T) nearly identical to the
behavior found in LSCO}12 We will start with the brief summary of the 13gLa
NQR results in LCLO and LESCO. The anomalous magnetic properties at low
T will then be diacu~ed in association with the coupling across the charged
domain walls formed by the microscopic segregation of doped holes into the
hole-rich domain walls separating undoped AF domains.
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2 lsg~a IVQFt in Lightly 130k-130ped LazCul.ZLi~04

The effects of in-plane hole-doping due to Lil+ substitution for CU2+ on the
macroscopic structural and magnetic properties of LazCu04 are very similar to
those due to Sr2+ substitution for La3+~ TN is suppressed to zero by z x 0.03
in La2Cu1_cLi.04 (LCLO). However, the charge transport properties of LCLO
are different from those of LSCO, as well documented in Ref. [5]. The principle
difference of Sr and Li substitution is the absence of the metallic as well es the
superconducting phase in the L1case up to the maximum doping level z = 0.5.

Recent 139La NQR measurements in lightly hoh+doped AF LCLO revealed
that the microscopic magnetic properties of LCLO are remarkably similar to
those of LSCO even though the origin (dopant) of doped holes is different
(out-of-plane vs in-plane)? The correspondence between the suppression of
l@ and TN by doping is needy identical to the Sr csse$ At low T, a strong
enhancement of the 13gLa spin-lattice relaxation rate I/Tl with a peak (at
a temperature Tf = 11 – 16 K depending on Z) and the abrupt recovery of
MS(T) ‘are observed, which is also identical to the Sr case [Figs. l(a)and l(b)].
In addition, the 139La spin-spin relaxation rate l/Tz enhances simihdy to 1/7’1
and saturates below Tf es shown in Fig. 1(b) and the inset. The behavior of
l/T1 and l/Tz, which is typical for the motional slowing-down, clearly indicates
that the sharp peak of l/T1 is associated with the continuous freezing of spin
degrees of freedom rather than a cooperative phsse transition. Analyzing the
data in terms of activated behavior, T;l(T) a exp(&/kBT), gives valuea
of &/kB = 120 K similar to those in LSCO with similar hole concentration

- and/or TN? Finally, the temperature dependence of dynamical susceptibility
[obtained from the analysis of T:l.(z,T)] exhibita the same finite-size effects3
as were observed in the static susceptibility X(Z, T)?

3 139La NQR in Lightly Hok-DoPed Lal.8-ZEuo.&rZ cu04

The structural phase transition (SPT) from the low temperature orthorhombic
(LT’0) to the low temperature tetragonal (LTT) structure in La2_=B&Cu04
and in rare-earth-doped La2-z.VMVSr~Cu04 (M = Nd, Eu) h= attracted
much attention due to its association with the anomalous suppression of the
superconducting transition at a certain range of hole concentrations’g and the
occurrence of static charge order into stripes}”
“ We have performed 13gLa NQR and relaxation measurements in lightly

hole-doped Lal.8-.EuO.@&uOZ @J3WO)w~gggJh&P_T at ZLT =

134+2$ Note that the values of TN are the same as those of LSCO at the .$&me-” ‘- - T~ -
hole (Sr) concentration; the rzy-~.~~ping does not ~~r the dop~g de-

~ pendence of TN. At TLT, a sharp m“6it~eF*f&&@?%a N~R relaxation
~‘y~_. .*?zs ~‘%-%+=:-~~-.x+..:*-<&i_—-_w-? :.*.aA-= -.*F_?J : ;:-- ~zh__~ .-G;t=G@-

:=. 3-t .==””~~ti-~. -* ,~..~.em-. +=== --- , &.+-.--=.,..- ,~-— ~-.= >- ~-’ -.:~_++-_:+-g’-g “~+_a—.
.* .!._-<

,.- .,’.- -+.k- --‘ . ----- + :. .>%_s.-- - j. >-,_-. ..>. :.. ----___:, . ‘ .,.2 “.7. :. .:-— --??7-:-a—=.-~=&“-.- ._ -w -.=- -.-.:~”- .+...,..-,- .-.._A_’ - - .,.= e. $ -.-. ,---- + . ~.-~.---:“=-= - -,: :=—-=—- -~~~..
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Figure 1: Summary of 139La NQR in lightly hole-doped LazCul-zLi.04 [(a), (b)] and
Lal.s-zEuo.&Ah04 [(c), (d)]: A = w - VI in (a) is the splitting of the NQR line beIow
TN which is proportional to the component of the intema! magnetic field Ii at the La site
along the axis of the electric field gradient (EFG). Solid curves are fits to a power law
A(T) = Ao(l – T/TN)~, with @ = 0.44 + 0.01 and TN obtained from dc magnetization
measurements. In (c), the Iinewidth Au is plottad instead of the splitting A since the
splitting below TN is not vbdbie due to the broad line of quadrupolar origin arising from
local inhomogeneity of the EFG due to the high densi~ of Eu ions in LESCO. However, the
additional small broadening below TN and the substantial jump of AW at TLT are found to
be of magnetic origin from the ratio A~ratiO- Av(at 3vQ)/Av(at 2vQ). I/Tl in both (b)
and (d) was obtained by fitting the recovery data for the first decade to single exponential
function. Although below x 30 K, revcovery law deviates to stretched exponential behavior
similarly to LSCO case, The same fitting procedure was applied for the entire temperature
range investigated; while this incre~ the uncertainty in l/Tl at low T, we find that varying
the fitting procedure haa essentially no effect on the position of the peak at Tf and at TLT,
and the value of the activation energy Eo. Decay of the spin-echo amplitude S(t) cannot be
determined by either single exponential or gaussian function. Thus, an effective l/T2 in (b)
was determined by fitting S(t) to the expression S(t) = S(0) exp[-(t/Tz)=].
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rate RI, a clear evidence’ for phlhibn softe~ig Wociated with the SPT, ia ob-
13gLa NQR line, Au, increases suddenlyserved [Fig. l(d)]. The width of the

at TLT [Fig. 1(c)], indicating the distribution-of ordered moment orientations
in abplane. This is attributed to faults in the spin-stacking pattern due to the
reduction of the AF interlayer coupling in L’TT,or Pccn phase! Regarding the
anomalous magnetic properties at low T, a strong enhance~egt of l/Tl with a
peak at 2“ ~ 6 K [Fig. l(d)] and an inqrea@n!he lQcai magnetic field,at:~he
La site below= 30 K [Fig. l(c)] are ob~rved; all these are :e&csPt of very... ....
similar features found, in LSCO 1$2,and LCLO?,This behqyi$x. qow. seerDs to be
universal in lightly hole-doped AF La214.” The w+~ obtain~d,,@ LESCO, in
particular for x = 0.015: Tf, ~ 6. and Ea/kB ~ 62 + 5 K obtain@ Qom fitting
to activated behavior$,are considerably sm,aJl?r,th~,tho~e.ob@ned in LSCO:
Tf ~ 12 K and EJkB ~ 120,.Kat si~~ hole qoqcentration 1,even though
the origin (dopant) of the doped holes is the s~e. ThE k’ in contrast to the
similar doping dependence of TN mention@i ~w~er: ..T~ ~ a@.@. c?,p$~,@ to
the observation that Tj. Wd EJkB foupd @,MCQ. wd. L,qL,O’:are ~SS@E#Y
identical even though they have diflerent:.dopants. The ~igriiii~t !difference
between LSCO and LESCO is the local structure: Clearly,, the local stwcture

“ plays a crucial role in determining the low-T rnagn~~ic .prope~i~. in lightly
hok+doped La214.

..
. ..> . . ....... . -.

,f . .. .. -t: ,. :.,ti~,!. .- .:. :.. , .. .,.’

4 Ph&e Separation and Magnetism in Lightly Hol&Doped La214
.: . . . .. . ,,!!.. . . . .1,;,

It is well recognized that holes added to Al?. La2L4 segregate into bole-rich
domain walls separating undoped Al?”domains.. Evidence .for~suikn effect.
in lightly doped LSCO: was obtained from a scaling relation of the mag-
netic susceptibility X(Z, T) = x{f(z) [T – TN(z)]}, with the scaling function
f(z) = 0.02/z2T T@, &wUddWwbe eJXeCtindicates..tbat$~emagnetic
correlationlen@h ia limitedto the linear dimensionL M l/z of the AF do-
mains. We obtained the same finitesize scaling of dynamic susceptibility from
~/TIT(z, T) in the vicini~ of TN in LCLO with the same scaling function
~(z)? Therefore, phase separation or microscopic segregation is believed to
be responsible for the rich magnetic phase diagram of lightly doped La214 al-
though the mobility of the doped holes is still imporant factor to determine
the magnetic properties}l’ .

Borsa et al. modeled the system assuming that the mobile holes formed
4D strip-he CUOZ planes which effectively decoupled adjacent undoped
domains from each other? The suppression of i@ can-be understood in the con:
text of the restricted set of spin wave modes accessible h the confined”’AF ‘do-
mai~. We j?fi%iously proposed that holes form antiplmse domain ‘wahs which

%+’-.
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Figure 2 Spin freezing temperature Tf vs TN in lightly hole-doped La2CU04. The distinct
behavior between Lal.8_=Euo.2Sr=Cu04 and Laz_=Sr.Cu04 in spite of the same dopant
(Sr) is in contrast to the.similar behavior found in Laz-JSrzCu04 and LazCu1_=Li=04
even though they have diRerent origin of doped holes (out-of-plane w in-plane).

surround mobile domains in which the phase of the AF order is reversed?’s
Passage of such anti-phase domains over a given site will reverse the orient&
tion of particular ordered Cu moment. Suppression of J@ as well as TN can
be understood as long as the motion of domains ia rapid compared to the NQR
measurement time. Both models explain semi-quantitatively the suppression
of J@ and the finitesize scaling of X(Z, T) and l/TIT(z, T). According to
these models, the recovery of the sublattice magnetization ,J14.(T) and the
spin freezing at low T are interpreted as arisiig from freezing of the domain
motion 316and/or disappearance of the domain walls as the constituent holes
become pinned to lattice sites?

On the other hand, static charge-stripe order has been observed in the LI’T
phase of more heavily doped La2-z-VNdVSrzCu04~0 indicating that domain
walls are more strongly pinned in LTT phase. Thus, the detail nature of our
data (Fig. 2), in particular, the smaller values of Tf and E./kB in LESCO$
cannot be simply explained by either the freezing of domain motion or the
localization of holes at low T.

We propose a likely scenario that the recovery of kf~(T) amd the following
spin freezing are triggered by the coupling across domain boundries. The
finite-size effects suggest that the coupling between the different spin regions
separated by domain walls is very weak at high T due to a small coupling

5
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constant (Y) across domain walls. However, it is universally observed that the
domain walls (stripes) serve as anti-phsse domain walls bekveen the hole-free
domains~’l” indicating that the interaction between domains are not totally
cut off by the charged domain walls, i.e., J’ is not negligibly small. Coupling
strength is proportional to J’cz where i$ is the correlation length within the
d~mains (spin regions) which is a function of the exchange coupling constant
J, and the exponent z is close to unity depending upon the dimensionality of ~
domains. Thus, the coupling is not negligible for a small but finite J’ when &is
sufficiently large. Aa lowering T, the < increases due to the large J (H 1500 K)
if the domain is sufficiently large or long. Then, even a small J’ can be effective
and trigger the coupling between domains resulting in the suppression of the
finh.+size effects and hence, the sublattice magnetization recovers.
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