RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 61, NUMBER 14 1 APRIL 2000-II

Spin dynamics in the low-temperature tetragonal phase o&; doped single crystal
Lay g7/EU.25r0.18CUO,

B. J. Suh
Condensed Matter and Thermal Physics, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
and Division of Natural Sciences, The Catholic University of South Korea, Puchon, South Korea

P. C. Hammel
Condensed Matter and Thermal Physics, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

M. Hucker and B. Behner
Il. Physikalisches Institut, Universitau Kdn, D-50937 Kdn, Germany

U. Ammerahl
Il. Physikalisches Institut, Universitzu Kdn, D-50937 Kdn, Germany
and Laboratoire de Chimie des Solides, Universtais—Sud, 91405 Orsay Cedex, France

A. Revcolevschi
Laboratoire de Chimie des Solides, Univerdiaris—Sud, 91405 Orsay Cedex, France
(Received 22 November 1999

We present®%.a and ®3Cu NMR relaxation measurements in single crystal dBu, ;S 14CUQ,. A strong
peak in the®®%La spin-lattice relaxation rate observed in the spin ordered state is well described by the BPP
mechanisnjBloembergen, Purcell, and Pound, Phys. R&8/679(1948] and arises from continuous slowing
of electronic spin fluctuations with decreasing temperature; these spin fluctuations &xhiliie anisotropy
in the ordered state. The spin pseudogap is significantly enhanced by the static charge-stripe order in the LTT
phase.

Understanding spin dynamics and correlations in high- We have investigated the spin dynamicsxef1/8 doped
temperature superconductdidTSC'’s) is crucial to solving La; g \Euy,SKCuQ, using nuclear magnetic resonance
the mechanism of the superconductivity. The existence ofNMR) to better understand the influence of charge stripes
low-frequency antiferromagneti€AF) spin fluctuations in  on the quasistatic spin order. We report a strong peak in the
the CuQ planes and the opening of a spin pseudogap in thé39a spin-lattice relaxation raté®*T; ! below the spin or-
normal state are two poorly understood features of H¥&C. dering temperaturésee Fig. 1, a remarkable situation quite
An anomalous suppression ©f is observed for a hole con- similar to AF ordered lanthanum cuprate with an order of
centration of 1/8 in La ,Ba.CuQ, and for a range of hole magnitude smaller dopin§='* The frequency dependence
concentrations near this value in rare-earth co-dopedf this peak is well explained by a mechanism first discussed

Lay_y—yM,Sr,CuO,(M=Eu, Nd;** in both cases a struc- by Bloembergen, Purcell, and Pou(@PP): 3% a relaxation
tural phase transitiofSPT) to the low-temperature tetrago-

nal (LTT) phase occurs. The observation of incommensurate 10" £ T T T T T

elastic neutron-diffraction peaks indicative of static charge : © Hll ¢ 29 MHz

stripe order in the LTT phase of ka,_,Nd,SrCu0, (Ref. % ® Hifc, 50 MHz

5) followed by incommensurate magnetic order indicates that A Hle, 29 MHz

spin order is induced by the charge stripe otd@erd empha- T 10 i 4 Hic S0MHz 3

sizes the importance of understanding the magnetism in ~~ fﬁ; T

these charge stripe ordered systems. - E -3 v ]
Incommensurate magnetic peaks have also been observed g ;24 % . J 4

near~30 K in Eu co-doped compounds by elastic neutron ™~ " a ° o o 3

scattering revealing static stripe order, and muon spin rota- I %h .

tion (uSR) studies confirm magnetic order in Nd and Eu , I .O a clfS & . . .

compounds below-30 K.”° 1SR studies of the Nd mate- 10
rial find a lower magnetic ordering temperature indicating
quasistatic magnetic behavior, and Tranquetal. have ar-

gued that the magnetic order is glasSyElectron-spin- FIG. 1. The lanthanum spin-lattice relaxation raf&T;? in
resonancéESR) studies in a series of ba,_ Eu,SrL,CuO,  single crystal LagEuw St 14CUO, measured in two applied fields
Sampleé1 have associated this ordering with continuous(»=29 and 50 MHz is shown for two orientations of the fielgH)
slowing of spin fluctuations with decreasing temperature. with respect to the crystat-axis.
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is due electronic spin fluctuations whose characteristic rate 50 0

rc’l slows with decreasing temperature, and the peak occurs i

(at T=T;~9 K) when Tgl matches the NMR frequency 40 1000 —f

(30—50 MH32. Our measurements also reveal a very strong ' E o 30

orientation dependence df°T; * in the vicinity of the peak "« - 8

demonstrating a strong anisotropy of the spin fluctuations in "« 30 ol—o L 1 | by

the ordered state similar to those observeKirtlike sys- T M P P

tems. 1397 ! also exhibits an abrupt decreaseTat. $°Cu ~20 o 5 3

spin-lattice and spin-spin relaxation measurements reveal a &_ o =T ""ﬁ-»u@_@ —

spin pseudogap significantly more pronounced than occurs in o 63 S5 |10

o s dinati : 10 — ® Ty d

similarly doped La_,Sr,CuQ, indicating that static charge O 63 1

stripes in the LTT phase significantly enhance the spin E? 0 Ty LSCO (Ref. [3)

pseudogap. 0 | | | | | 0
Our ¥ a and %3Cu NMR relaxation measurements were 0 50 100 150 200 250 300

performed on a LasEu, »Srp 1LCU0, single crystal that un- Temperature (K)

dergoes the low-temperature orthorhomBIcTO) —LTT _ ) ] )
SPT atT=134=+2 K. The crystal was grown using the trav- FIG.E. Corépe[lspln-lattlce relaxatlon:.tﬁ'e(jependencnes of
eling solvent floating zone method under oxygen pressure df°TaT) " and *T,c measured in aglappheo_l field {90 MH2)
3 bar'® From dc magnetization measurements, no supercorf'® Shown for Hjjc ~axis; (°TyT) " for identically doped
ducting transition is observed down to 4.2 K. Static spin"al-’”S_'r°-13cu Oy (Ref. 2 s also shown for comparison. The solid
order is observed below 20 K in ©SR studies. Both the curve Is a Su“e'we'ss_law fit foWzloo ‘g‘TEleT) = (T
B9a (1=7/2) and %Cu (1=3/2) spin-lattice relaxation *6) with §=16 K. Inset: A semilog plot ofT, ~ vs T.
rates were measured by monitoring the recovery of the cen-
tral transition (n,= + 1/2— — 1/2) magnetization after satu- increase monotonically te=3.4 kG atT=40 K. Consistent
ration with a singlerr/2 pulse. The®3Cu spin-spin relaxation with earlier work we observe a strong suppression of the
was measured by monitoring the spin-echo decay using mtensity of the®3Cu NMR signal with decreasing;'® this
two-pulse Hahn-echo#/2—7—1). The time dependence of suppression is well explained by the slow electron-spin fluc-
the magnetization recovery does not conform to the standardiations responsible for the loWw-peak in 39T, 1.2
theoretical expressidfiover the entire temperature range in-  In our discussion we will focus on the following) char-
vestigated. Far abové 1 and in the intermediate range 30 acterizing the LTO-LTT SPT, (i) demonstrating that the
=T=T,r, the data were well fit by this expression for mag- low-T spin-freezing peak in*°T; * is well described by the
netic relaxation and saturation by a single pdfshpwever  BPP mechanisA which reveals that the low-spin dynam-
around Ty and at lowT (=30 K), this fit is poorer. We ics are characterized by distribution activation energies,
ascribe the slight deviation aroufgy to the additional mo-  E_/k,~100 K , and iii) 63-|-Il; particularly the contrast
tion of oxygen octahedra associated with the SPT; this gengith x=1/8, LTO-phase superconducting LaSr,Cu0,.
erates a quadrupolar contribution to th&La relaxation’ The abrupt decrease iﬁﬁﬁ-l—l at T, with essentially no
As in lightly doped La2147'*!stretched exponential re- gnhancement abova Lt contrasts with the behavior of
coveries are observed at oW - _ lightly doped L3 g Eu, ,Sr,CuQ,, where a strong enhance-
To provide a consistent basis for analysis of Théepen- et is observed abov ;.1 This result is consistent with
dence of T !, the first decade of recovery data was fit, the observation that the LTOLTT SPT in this heavily
for all T, to the stretched exponential functidM(=)  goped sample is first ordé#23

—~M(t)J/M () =exd —(t/T)"?]. While this analysis in- The strong orientation and frequency dependencies of the
creases the uncertainty f{°T, * for T=30 K, we find that |ow-T peak in*3r; * evident in Fig. 3 clearly indicate that it
varying the fitting procedure has essentially no effect on th@esylts from continuous slowing of anisotropic spin fluctua-
behavior afTy. N tions with decreasind. The same frequency dependence of
TheT dependencies of{T,T) ~* and ®*T,5 are shownin 1397 1 pejow T, is observed by comparing different nuclear
Fig. 2. The®*Cu magnetization recovery data for whole tem- quadrupole resonan¢®IQR) transitions in zero field, hence
perature range investigated are well fit by the theoreticafhe frequency dependence does not reflect a magnetic-field
expressiolf for magnetic relaxation following single dependence. The nuclear spin-lattice relaxation rate is given
pulse saturation: [M(%) = M(t)]/M(*)=0.1expCtTy)  py T, ' y?hZj(w),?* wherej is the spectral density function
+0.9 expt-6t/T,). ®*T ¢ was obtained by fitting the spin- of spin fluctuationsw =27 is the NMR frequency, antl,
echo amplitude, S(t=27), to the expression:S(t) s the fluctuating component of the effective hyperfine field
=S(0)exp(-t/T,R)exd — (t/T,c)7/2]. The contribution of  perpendicular to the applied field.
spin-lattice relaxation processes to the spin-echo de'l'cga.fy, As we show in Fig. 3, the magnitude 6?9T1’1 also de-
was determined fron,z = (8+R)/®*T; with 8=3 and the  pends strongly on the field orientation in the vicinity Bf:
anisotropy of®*T;*, R=3.6.% Because we cannot entirely 3977 %(H||c)]/[139T; {(H.Lc)]=2.3=0.3 (see the ratio of
invert the Cu line thesd,x data are not quantitatively ac- C in Fig. 3), near 2, the value expected fotY-like spin
curate, but they reliably indicate the qualitatifedepen- fluctuations, where the fluctuations of the out-of-plane com-
dence ofT,q . The %3Cu NMR linewidth (full width at half ~ ponent are entirely frozeft. This striking X Y-like behavior
maximunm) AH=1.2 kG atT=240 K, and is observed to of spin fluctuations observed in this heavily doped system is
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revealed no dependence of the static ordered magnetic mo-
ment on the orientation and magnitude of the applied mag-
netic field?®) The value ofr.. cannot be extracted from these
fits with high precision (0.03psecr,,<0.3 pseg, however,

= the uncertainty irEy is much smaller (82 Ey/kg<96 K).
L These slow fluctuations are in qualitative agreement with the
o slowing of fluctuations observed in ESR measureméhts.
%'_ The strong similarity of the spin-freezing observed in the
T H (| c, 29 MHz present metallic sample to that seen in lightly doped lantha-
H || ¢, 50 MHz num cuprate is surprising given the broad range of doping
H.lc, 29 MHz involved and the strong consequent variation in magnetic
Y H L c, 50 MHz properties. Scenarios have been proposed attributing spin
10" A R T S S freezing and the associated recovery of the sublattice mag-
665 o010 015 020 025 netization observed in lightly hole-doped La214 to freezing
1/T (K_1) of domain motioh*? or to the effective disappearance of

1397-1 o domain boundaries as the constituent holes become pinned to
FIG. 3. T, vs 1T. The curves are theoretical fits as de- the |attice at lowT.*3 These do not appear applicable héfg:
scggeg |fn thlf ttﬁXt gswtlgt_the f'tt'gg fparamet.e'f_%:/ ][(;ﬂr 82 K'1A4 Our heavily doped sample is a fair conductor whose resistiv-
= or bo orientations an requencies; C:it.,=1. . . . . .
%10 B's andC=1.67x 10252, and forH.c:r. =3.1x10 2% s ity p dpcreases with decreasﬁﬁgp fairly low Tg\éwth only a
andC=0.73x 101252 weak increase and a broad maximum belqw .~ The mag-

nitude of p itself is of the order 10%Q cm, one or two

reminiscent of the crossover from Heisenbergtté-like ob-  Orders of magnitude smaller than in lightly doped La214.
served at temperatures just above the onset of long-randd€utron scattering shows the domain boundaries remain in
antiferromagnetic order in §Eu0,Cl,. % the spin freezing regime. _ _
The frequency and temperature dependencie&3%f; * Two classes of mechanisms that could explain the spin
are well explained by the well-known BPP mecharfisthat ~ freezing data in the present heavily doped sample can be
describes the effects of continuous slowing on the spinconsidered. The first is related to scenarios previously dis-
lattice relaxation, although the anisotropic fluctuations ancFussed_ in the —context of lightly doped ‘lanthanum
asymmetric peak evident in Fig. 3 are beyond the standarguprate;” " the low-temperature freezing could reflect the
BPP picture. In particular, the stretched exponential recoverfpehavior of an ordered antiferromagnet spatially interrupted
of the magnetization and the asymmetric peak implies a disY an array of domain walls. The second involves the dy-
tribution of characteristic correlation timesr] of the nhamics of charged domain waft§:*® This motion will alter
fluctuations?® We take 7o(E,,T)= 7..expE./ksT),?* how-  the local magnetization in the spin ordered domains; the spin
ever, we must include a distribution of activation energigs ~ fré€zing would result from the gradual suppression of the
(a Gaussian works well Z(E,)=(y2mA) lexd —(E, excitations of this coupled system with decreasing tempera-
~Eg)/2(kgA)2]. For two-dimensional diffusive fluctuations ture- The dopingand hence stripe densjtindependence of
(in which c-axis fluctuations are frozénwe can write?’  the freezing suggests that charge stripe dynamics are not
J(@) = rn[(7: 2+ 0?)/w?]. However, the much more general responsiblé® The distribution of activation energies we ob-
Lorentzif’:m sp;ectral den.sil(ﬁpplicable to fluctuations of all S€rve indicates that stripe defects and disorder are important.

wavelengths provides equally good fits with small changes We consider the first of these possibilities in the present

in parameter valuess, andA differ by less than 20% The more heavily doped sample: the spin freezing would reflect

measured relaxation rate will be an average over the distrit-he slowing of fluctuations that would result as spin domains

separated by charged domain walls become coupled allowing

bution Z(E,): the correlation length to grow. At hight the couplingJ’
. 2, 9 between individual spins separated by domain walls is likely

T 4T)= CJ 7In T to Z(E,)dE,, (1) weak _compared to the exchange coupling constavithin a
0 w? domain. However, the occurrence of long-range order at low

T with correlation lengths long compared to the stripe
where the coefficienC is proportional tch3 . The fits shown  spacing indicates significant effective coupling between
in Fig. 3 demonstrate that the BPP pictyréith a distribu-  neighboring AF domains. The strength of the coupling be-
tion of E,) accurately describe¥®T; *at low T, accounting  tween adjacent domains is proportional 1t&? where the
well for the frequency dependence evident at temperaturespin correlation lengtlf is a function ofJ and the exponent
below the peak. This provides direct evidence for ititen- z is close to unity depending upon the dimensionality of
sic role of disorder in the continuous slowing of domains. The very slow characteristic timescalelQ™ 12 s)
the spin fluctuations.Surprisingly, we find the ratio and theXY-like character of the spin fluctuations we observe
[7;1(H||c)]/[r;1(HL c)]=2.2 is essentially equal to the ra- are consistent with a very largé above the apparent spin
tio of 139T1_l (and the ratio ofC). This is apparently related ordering temperature~t20 K). At some lowT, J'&* would
to the intrinsic anisotropy of two-dimensional spin systém, become large enough~ksT) to couple neighboring do-
although it is not understood theoretically at preséile  mains; the characteristic fluctuation rate® will slow as the
note that studies of the stripe-ordered state gf58,,5NiO,  size of the correlated regions grow.
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We now turn to the behavior dfT; * which reflects the
AF spin fluctuations and correlations. As shown in Fig. 2, We have presented #9.a and ®*Cu NMR study of the
(53T, T) ! exhibits Curie-Weiss behavior at high tempera-Spin _ dynamics  in  1/8  doped, stripe-ordered
ture above the opening of the spin pseudogap. The openirigll.eflb.zsro.l_scuom We show that the strong peak in
of the spin pseudogap is evident as a reductiorP8if,T) ~* E*I'l occurring below the AF ordering temperature is due
compared to the Curie-Weiss behavior resulting in a broado the well-known BPP mechanishh The continuous slow-
peak in €3T,T) L. The difference in the temperature depen-ing of spin fluctuations is characterized by a distribution of
dencies of T, T) ! and 63Tg(31 below the peak position is factivation gnergies indicating_ the.role of dynamic_a_l disorder
indicative of the opening of a dynamic spin gap gt " the prewousoly not.ed quasistatic behaan Qddmon to
— gar . >3 Figure 2 shows®T; * in lanthanum cuprate both Static disordet? We find the opening of the spin pseudogap

with and without the Eu co-doping; the behavior is essen!S More pronounced in the presence of the static charge

tially identical down to ~50 K), while below this stripes at comme_nsurate doping in the_LTT phase. This sug-
La; g EUyoSK,CuO, exhibits a substantially enhanced spin gests that the Spin gap may be associated W'th.the CO”f”.‘e'
gap. It has been argued that a spin gap arises naturally ent of the spin regions separated by hole-rich domain
undoped spin ladder§;*the enhanced spin gap observed in walls.

the LTT phase may arise from the improved confinement of We thank F. Borsa, A. H. Castro Neto, S. A. Kivelson,
the undoped domains into ladderlike structures by the statiand D.J. Scalapino for helpful suggestions. The work at Los
charge stripes at commensurate doping. In the spin freezindlamos was performed under the auspices of U.S. Depart-
region below~20 K, 3T, ! approaches a constant value in ment of Energy. The work at University of Kowas sup-
contrast to the rapid decrease in the superconductingorted by the Deutsche Forschungsgemeinschaft through
La,_,Sr,CuQ, (Ref. 2 (Fig. 2, inse); consistent with the SFB 341. M.H. acknowledges support by the Graduiertensti-

region.
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