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Correlations between charge ordering and local magnetic fields in overdoped YB&uU;0g4
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Zero-field muon spin-relaxation (ZESR) measurements were undertaken on under- and overdoped
samples of superconducting YBau,Og., to determine the origin of the weak static magnetism recently
reported in this system. The temperature dependence of the muon spin-relaxation rate in overdoped crystals
displays an unusual behavior in the superconducting state. A comparison to the results of NQR and lattice
structure experiments on highly doped samples provides compelling evidence for strong coupling of charge,
spin, and structural inhomogeneities.
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There is growing evidence that phase segregation ofmodels for the pseudogap ph&Seye also noted that these
doped charges may be an intrinsic property of higlsuper-  ZF-uSR measurements may be characteristic of a dilute spin
conductors. While the static spin/charge stripaisserved in  system, and thus incompatible with such theories. In an at-
the marginal superconductor {aNd, ,Sip 1 Cu0, (Ref. 2 tempt to identify the source of the weak magnetism detected
are expected to be incompatible with the metallic behavior oby SR, we have performed additional measurements of
the CUQ |ayers,3 there is evidence from neutron-scattering under- and Overdoped Y123 Crysta|s using an improved ex-
measurements that a stripe phase that is short range and (ygrimental arrangement. Interesting features that are clearly
namic may exist in several high systems®At low tem-  gpserved in the overdoped sample suggest that the tempera-
peratures muon spin-relax?lt(i)omLSR) experiments indicate e dependence of the local magnetic-field distribution
a freezing of the Cu spirfs*® Local static magnetic order  gonged by the muon results from a redistribution of the doped
observed N _h|ghly underdoped sampl_es IS g_radu_ally de(':harge carriers—rather than the onset of spontaneous circu-
stroyed with increased hole concentration, giving rise to a}ating electronic currents. The effects of charge ordering on

zsi‘g;\g::sqs-gl:stj::t% rg'eigi:(;azw all:] Iﬁgnl_d ;hraé:j?)e ggg' the ZFu SR spectrum become less pronounced with decreas-
P P 9 28k y ing x and are not clearly recognizable in the data of Ref. 19.

Y1-xCaBaCL0, systems shows a similar reduction with We suggest that the redistribution of holes that takes place

increased hole dopingAbove the spin freezing temperature i .
Panagopoulost al. observed slow spin fluctuations that per- near 60 K in Y123 is related to local structural changes that
have been reported by some groups.

sist slightly above optimal dopint).Recently, Paret al. ob- i
served nanoscale spatial variations in the electronic state at Small single crystals of YB&Lu;Og,, [x=0.80, 0.92,
the surface of optimally doped EBr,CaCuyOg. s using 0-985 with Tc=85(1.2) K, 93.00.3 K, and 90.20.§ K,
scanning tunneling microscog®TM).!! Together these ob- respectively ~100 um thick were grown in BaZr@ cru-
servations are consistent with nanoscale phase segregatibi®les. Thex=0.80 andx=0.985 crystals were mechanically
into antiferromagneti¢AF) hole-poor clusters surrounded by detwinned. TheuSR measurements were carried out on the
nonmagnetic hole-rich regions. M20B surface muon beam line at TRIUMF W|tPJ the initial
In the YB&Cu;3Og..« (Y123) system there is the added muon spin polarizatio®,(0) perpendicular to the axis of
complication of charge ordering in the CuO chains. Nucleathe crystals. The LAMPF spectrometer was used with a side-
quadrupole resonancNQR),*>7*® STM,'® and neutroW  axis low background insefrather than the axial configura-
measurements dmighly dopedy123 are compatible with the tion of Ref. 19, resulting in a marked improvement in the
formation of a charge-density-wav€DW) state in the CuO quality of the time spectra. While the™* stopping sites in
chains. The NQR studies provide strong evidence that th&123 have never been firmly established, we show that cor-
CDW chain state induces a charge-density modulation in theelations with C@2) NQR linewidth measurements in fully

Cu0, planest® doped Y123 imply that the.™ is sensitive to magnetism in
While early ZFuSR studies found no evidence for elec- the CuQ planes.
tronic moments in Y123 fox=6.54%®recently we reported Figure 1 shows the time evolution of the muon spin po-

detection of weak static magnetism of unknown origirxin larization in overdopedk=0.985 crystals in zero external
=0.67 andx=0.95 single crystal’ While these findings field. As a spin-1/2 particle, the muon is directly sensitive
were discussed primarily in the context of orbital currentonly to changes in its magnetic environment. Thus the in-
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FIG. 1. The time evolution of the muon spin polarization in oaa 00
YBa,Cu;05 955 in zero external field aT =10, 56 and 137 K. The 0.. °® o o,
signal at 10 K relaxes faster than at 137 K. At 56 K the signal at 0.12 * b
early times relaxes faster than at 137 K, but exhibits a slower re- o’
laxation beyond 5us. 0.10, 0 30 150 160
creased signal relaxation between 137 and 10 K indicates a Temperature (K)

growth in the size of the local magnetic fields at thé .
stopping sites. In addition to this, we observe a striking . G- 2: Temperature dependence of the relaxation Aat®pen
circles are from fits to the data of Ref. 19.

change in the shape of the relaxation function near 55 K;
with the signal displaying a slower relaxation at later times. ) ) _ _
This behavior was not identified in our study of lower 'elaxation rate. As in Ref. 19 we find that the ZfSR time
samples® We find that a longitudinal field_F) of 100 Oe is ~ SPectra are well fit to the product
sufficient to completely decouple the muon spin from the
local internal field distribution over the entire temperature
range. This implies that the magnetism sensed by tte
fluctuates at a rate slower than 10 MHz.

To identify gross features the ZF time spectra can be fit t
a “stretched exponential” relaxation functio®,(t)=exp
[(—At)P]. Figures 2 and 3 show the temperature dependen
of the relaxation rate\ and the powemp, respectively. In-
cluded in these figures are similar fits to the 0.67 andx
=0.95 data of Ref. 19. The=0.95 sample was prepared in
yttria-stabilized zirconia crucibles and was not detwinned
Forx=0.985, A andp display an anomalous minimum near

G,(1)=GXTexp( —\t). 2

For the case of static fields, an exponential relaxation is ex-
ected from a dilute random distribution of magnetic mo-
ents. In Ref. 19 we made the reasonable assumptiothat

was independent of. However, to obtain good fits to data in

e vicinity of 55 K, it was necessary to allow to vary

freely with temperature. We note that from a careful analysis

of ZF-uSR spectra at high temperatures, we have determined
that the muon “hops” at temperatures above 175 K. A fast
moving " averages over the fields it sees during its life-

X ) X time, thus experiencing a narrower field distribution from the
55 K. Below 35 K, the increase ol with decreasingT

i . i the width of the local-field distrib nuclear dipoles. Figure 4 shows the results of a separate
Indicates an increase In the width of the local-field distr Y"analysis of ZFx SR signals in thec=0.67 sample of Ref. 19

ove 100 K, whereby aynamic Gaussian KT function
G%T was used in place of the static functi&f" of Eq. (1).

The relaxation functiorG2KT, which is determined by nu-
gmerical calculatiorf? is characterized by a hopping rate
that reflects the changing local field experienced by the mo-
bile muon. As shown in the plot of Fig. 4, the temperature
dependence of is well described by an Arrhenius relation

X, and are not observed far=0.67. The absence of an ob-
vious minimum inp near 55 K forx=0.95 reflects the re-
duced accuracy of our original measurements.

The relaxation of the muon spin by the randomly oriente
weak dipolar fields of the host nuclei is conventionally de-
scribed by a static Gaussian Kubo-ToydBd') function,

2 1 v=vgexp(—E,/kT), characteristic of a thermally activated
G§T=§ + §(1—A2t2)exp( - EAZtZ), (1) process. Previously, muon diffusion was clearly identified in
Y123 above 200 K3
whereA is the width of the field distribution. Fakt<1, this Figure 5 shows the temperature dependenck ahd\ in

reduces thZKT~exp:(—At)2]. In Fig. 3, p~2 at high tem- the overdoped sample. Below130 K, \ increases with de-
peratures, but decreases to a smaller value below the 55-¢teasing T. This behavior appears to coincide with the
dip. This indicates the presence of more than one muon spigradual increase of the @) NQR linewidth 653vQ(2) [see
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FIG. 3. Temperature dependence of the pope®pen circles 0 50 100 150 200

are from fits to the data of Ref. 19.
Temperature (K)

Fig. 5@a)] observed by Gnén etal. in a fully doped &

=1.0) Y123 powdet**°In Ref. 15 the increase i6%%v(2)

was attributed to the formation of charge correlations in th
CuG, planes that are induced by a CDW transition in the
CL0 s i g et NG ey 175 s g . i f
dicates that charge ordering is accompanied by the onset §f"€ Spectra to a dynarmc}é;aussmn KT.fU”C“@@ In
local magnetic fields at the muon €ite Because charge Place of the static functio®;  of Eq. (2), yieldedv~0 at
ordering is expected to give rise to strong local Cu spindll temperatures below 175 K, where reflects time-
correlations in the hole depleted regions of the saniglee ~ dependent local fields experienced by the. Thus the
to the tendency toward AF order in the underdoped systenchange inA beginning below 75 Ksee Fig. )] is not due

we hypothesize that the fields are associated with these 3@ @ dynamical relaxation mechanism—a conclusion which is
moments. supported by the LF measurements. The minimum at 55 K

and the increase iA below 35 K coincide with features
w71 observed in the temperature dependences®io(2) [see
Fig. 5@]. The Cy2) NQR linewidth displays a maximum
YBa Cu O 1 near 60 K***5a minimum at 35 K, and increases monotoni-
2~ "3 667 cally below 35 K with decreasing temperatdfe®® In
1or slightly underdoped Y123 the peak &i*vo(2) near 60 K is
—~ not observed?* The weakening of the 55 K feature in the
v = 437exp(-1752/T) 1 SR data with decreasing(see Figs. 2 and)3nay be due
to an emptying of the CuO chains and/or a decreased cou-
pling with the CuQ planes. It may also reflect a change in
the population of the muon stopping site We elaborate on
this latter possibility below.
Grevin et al’® argued that the 60 K peak i6%3vq(2)
, ) , , , , , ) . arises from a transition between short- and long-range charge
100 150 200 250 300 ordering. The transition is accompanied by electric-field gra-
Temperature (K) dient (EFG) and/or magnetic-field fluctuations perpendicular
to the CuQ planes—as evidenced by a broad peak in the
FIG. 4. Plot of the temperature dependence of ghiehop rate  transverse relaxation rateTy/ of the Cu2) nuclei near 55
in YBa,ClyOp 67. K,%*2*and also at 35 K#?*~*®| ocal EFG fluctuations may

FIG. 5. Temperature dependence(af 6%vo(2) in anx=1.0
epowdered samplérom Ref. 15 and of(b) A and(c) A from fits of
the ZFu SR time spectra ix=0.985 crystals to Eq2).
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arise from doped charges that are dynamic. Althoughuthe — site in the CuO chains, while the rest stop near th@)O

is sensitive to the effects of EFG fluctuations on the nucleabridging oxygen site. Given the close proximity of th¢1p
dipole fields, the absence of dynamical relaxation of theand Q4) sites, it is conceivable that a local lattice distortion
muon spin polarization is understandable given thatThe could trigger tunneling of the muon between these sites and
minima measured with NQR are about an order of magnitudéhereby alterA. Both of these suggested effects are difficult
longer than the wSR time scale. High-resolution t0 model, considering the lack of a general consensus on the
dilatometry?” x-ray scatteringf and microwav&® measure- Muon stopping site). For example there is also evidence
ments suggest that the redistribution of charge may be intithat in highly doped Y123 the." prefers to stop near an
mately related to local lattice distortions. Below60 K Oxygen ion located in a CuOplane’—rather than near a
(75 K) theb axis increases with decreasifig’28 whereas chain oxygen. Thus while it is difficult to make a precise

the & axi ds below 35 & One int tati fh statement about the exact origin of the changa inelow 75
teataX|s|; €xpan I'S QOtVr\: tth -Onein erprg ? ion o b eskc?_ K, it is at least plausible that it is driven by subtle changes in
siructura anoma|e238 IS that they correspond 1o an uUnbuckiiNghe |oc) |attice structure and charge redistribution detected
of the CuQ layers:® It is noteworthy that the microwave

measurements of Ref. 29 were performed on the parent corrt1Jy other techniques.
i " AvariableA f h itati luati f th
pound YBaCuOgo. This suggests that in highly doped variableA confounds the quantitative evaluation of the

: . . . . “extra” magnetism characterized by. Although \ is cer-
samples the lattice distortion taking place near 60 K |nduce§ainly nonzero, the increase in relaxation below 35 K, previ-
the redistribution of holes. X ;

. ously reported fox=0.951° was at least partly due to an
hThe u_nu;t:afl’dpl?psngencef Og belovlv 755 |n|d|cates a ; increase inA. The weak magnetism likely originates from
¢ angg tl>n the +'S In ution OI thu nuc ea(; Ipoie TOTtehr.] Sdilute (quas)static electronic moments and not from a dense
sensed by thew . In general, Ine second moment of this pattern of orbital currents spontaneously forming below the
distribution will depend on the relative angles be'[weenpseudogap crossover liff (x). While some theoriéd sug-

PM(Oi, ched|fr?ﬁt|on O.];.the EFtG at the ntl_JcIe{ahr site ?nd the est a close connection between the onset of charge ordering
orientation of the position vector connecting the nucleus an ndT*(X), we cannot assign an unambiguous “onset” tem-

+ ; ¥
the.”, as well as the distances between ghgand the host peratureT* due to the rich relaxation phenomenology and

nL.'de" The small qhange in the t'lt. angle of the Cufyra- the gradual decrease wfwith increasing temperature.
mid that accompanies the unbending of the Cu-O-Cu bonds From a comparison with NQR measurements on fully

dpes n_ot prodgce a_large eQOUQh modification of the rllJCIeacfoped Y123, we have determined that the weak local mag-
d|pole_|nteract|on with theu™ to account for the_ob;eryed netism sensed by the muon is strongly influenced by the
behaV|or.. Furthermore, the_ change in the EFG .dlstr|but|on alyolution of spatial charge inhomogeneities. The agreement
the Cu sites due to the redistribution of charge is too small tq .. con separataSR, NQR, and lattice structure experi-

produce such a large changeAn ments suggests that spatial inhomogeneity is an intrinsic

h Of‘e F}?SSible e;:planat.ionhfor th‘élde%endenlcg 0%3 is roperty of the Y123 system that arises independent of the
that it reflects a change in the Coulomb repulsion betwee ample preparation details.

the ™ and the positive charged holes that are hopping on
and off the copper sites. In particular, any change in the time This work was supported in part by the Natural Sciences
averaged local hole distribution should alter the mean disand Engineering Research Council of Canada, the Canadian
tance between the.™ and the Cu nuclear moments, and Institute for Advanced Research, the National Science Foun-
modify the resulting muon-nuclear dipolar linewidth param-dation, the U.S. Air Force Office of Scientific Research, and
eterA. It is also possible that the relative population of theat Los Alamos by the U.S. Department of Energy. We thank
muon stopping sites changes slightly at temperatures below/.A. MacFarlane and Z. Yamani for fruitful discussions. We
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