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3% a nuclear quadrupole resistanc®NQR) and relaxation measurements in lightly hole-doped
La; g xEUy2SKCUO, have been used to investigate the microscopic properties of the low-temperature ortho-
rhombic to low-temperature tetragonal transition. The transition is characterized by a sharp Péak MQR
relaxation rate, indicating phonon softening. We find that the structural phase transition is accompanied by a
modification of the spin state. The data for the spin freezing and the recovery of sublattice magnetization at low
T are presented and discussed in relation to the studies,of,8§§Cu0, and LgCu, _,Li,O,.
[S0163-182609)50804-1

The structural phase transitio(SPT) from the low- | a,_ ,Sr,CuQ, and LaCu,_,Li,O, provides evidence for a
temperature orthorhombit.TO) to the low-temperature te- strong interaction between the collective hole structure and
tragonal (LTT) phase in La_,Ba,CuQ, and in rare-earth- the |attice.
doped La_,_yMSr,CuQ, (M=Nd, Eu has attracted much ~ Two polycrystalline samples of lightly Sr-doped
attention due to its rich phenomenology} the destruction La, 5 ,Eu,,SrCuQ, with x=0.010 and 0.015 were prepared
of superconductivity in a certain range of hole by standard solid-state reaction methods described
concentratiort;® (i) anomalous changes in magnetic andelsewheré? It is well known that in the rare-earth co-doped
electronic propertie$;® and (iii) the ordering of the charge Lay_x—yM,Sr,CuQ, compounds, a direct LTOLTT SPT
into stripes>’ Therefore, improved understanding of the occurs for hole concentrationabove a certain value, while
LTO—LTT SPT could provide crucial insight into the influ- at lower hole concentration the transition occurs from LTO
ence of the lattice on electronic and magnetic properties iftio a less orthorhombic phase wikhccn symmetry followed
high-T. superconductors. by a continuous change to LTT phas¥.The latter case is

Better understanding of the character of doped holes andomplex and is well described in detail elsewhEr&in this
their interaction with the lattice is also needed. Redéiita  paper, we simply call this transition the “LT transition” and
nuclear quadrupole resonanceNQR) studies of use the “LT phase” to denote theccnand/or LTT phase.
La,_,SK,CuQ, (Refs. 8 and 9and LaCu; _,Li, O, (Ref. 10 It is also known that at very low Sr concentration,
have revealed a remarkable insensitivity of the magnetic bel-@2-x-yM,SKCuQ, compounds, as prepared, contain a con-
havior of lightly doped lanthanum cuprate to the detailedSiderable amount of excess oxygen which leads to a notice-
nature of dopant. This indicates that the magnetic propertie8Pl€ reduction offy and a significant broadening of the LT
of the antiferromagneti¢AF) CuO, planes depend on the transition. Ann_ealmg in nitrogen gas remqved the excess
collective character rather than depending on the individuaPXY9en producing a very sharp LT transition Bty =133
character of doped hold&1! *+1K for both samples. dc_ magnetlzat|on measurements re-

We have performed®La NQR and relaxation measure- veal well-defined AF transitions afiy=214+5 K and 165

. +5K for the x=0.010 and 0.015 samples, respectively.
ments in La g «Eu, »Sr,CuQ, to better understand the local i . . !
structural and magnetic properties of the LFQTT SPT. Lightly hole-doped samples withy>T, r were intentionally

- . . I lei igati f the eff f the SPT
At the transition, a sharp asymmetric peak in tigt.a NQR selected to enable investigation of the effects of the SPT on

| . < ob 4. indicating that th .. the AF spin state.
relaxation rateR; is observed, indicating that the transition 139 5 (I=1) NOQR and relaxation measurements were

mvo!ves phonon softening. The W|dth 'of théLa NQR line, performed for 4 K<T<300K at both the 2 (* S +3)

Av, increases suddenly at the transition, suggesting that theg,q 3o (=1 +3) transitions. The NQR spectra were ob-
SPT affects the AF spin state resulting in the introduction ofained by plotting the integrated intensity of the spin-echo
faults in the spin-stacking pattern. A strong enhancement ofjgnal as a function of spectrometer frequency. hea

R; with a peak at a temperatufie=T;=6 K and an increase NQR nuclear spin-lattice relaxation was measured by moni-
in the local magnetic field at the La site below30K are  toring the recovery of the magnetization after saturation with
observed; all these are reminiscent of very similar featurea singlen/2 pulse.

found in La_,SrCuQ, (Refs. 8 and 9» and The static’®*L.a NQR results are summarized in Fig. 1.
La,Cu, _,Li,0,.1° Comparison of these data with that from The **3_.a NQR frequencyrq increases monotonically with
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FIG. 1. ©™La NOR in La g Ely,SL,CUO, with x=0.01 and Magnetic and pure quadrupolar origin, respecti@éﬁlNote_
0.015: () T dependence of 2. The T dependence of &, in fthat althoug.h the separation of the totgl r_elaxatl_on into
La, ,Sr.CuO, from Ref. 8 and of LgCu, Li, O, from Ref. 15are  1tS magnetic and quadrupolar contributions is not
also plotted for comparisorib) T dependence ofv. In the inset ~ Straightforward.® trends inRy 4 Still provide useful insight
we show the geometry of the orientations of the axi¥pfand the  into the origin of the relaxation.
internal fieldH;,, with respect to the crystal axis andab plane.(c) Our discussion will focus on two aspects:the structural
T dependence of v, =[ A v(at3vg) /[ Av(at 2vg)]. and magnetic properties of the LT transition which generates

a sharp asymmetric peak Ry and a sudden increase Av,
decreasing temperature without any noticeable featufgqat and (i) the anomalous static and dynamic magnetism ob-
as shown in Fig. (). The % .a NQR line[Fig. 1(b)] is very  served at lowT (<=30K); behavior very similar to that ob-
broad; the linewidthAv (the full width at half maximum or served in La_,Sr,CuO, (Refs. 8 and ¥» and
FWHM) of the 2vg transition is already about 0.8 MHz at La,Cuy _,Li,O,.'°
room temperature. With decreasifig Av starts to increase Near T 1, Rynaic=1 [Fig. 2(b)]; this indicates thaR; is
aroundTy. The most striking features are the anomalousprimarily of quadrupolar origin due to the fluctuations of the
jumps of Av at T, 1 and around 30 K as shown in Figthl.  electric-field gradien{EFG) associated with the rearrange-
The T dependence of  the ratio Av.,  ment of ions surrounding the La site at the SPT. The strong
=[Av(at3vg)]/[Av(at2vq)] [Fig. 1(c)] reveals the origin enhancement dR; aboveT t in Fig. 2(a) is a typical result
of the line broadening. For pure quadrupolar broadeningof phonon softening at a SPT.This reflects the slowing
A v is the same as the ratio of the quadrupole frequenciesilown of the critical-mode fluctuations as the SPT is
Avaio=3/2, and for pure magnetic broadeningy is the  approached’ As mentioned earlier, the LT transition is very
same for the two transition® v, 4;,= 1. abrupt by x-ray diffraction, suggesting the transition is first

The T dependence of thé*®La NQR spin-lattice relax- order!* However, the observed strong and gradual increase
ation rateR; [Fig. 2(@)] shows a sharp peak aj and a of R; is not expected from a discontinuous change of the
strong enhancement at loWwith a peak alf=T;=6 K. To  order parameter in a pure first-order transition in which there
determineR;, the data for the first decade was fit to a singleis no well-definedl-dependent critical behavior of the order
exponential recovery law. Above 30K the recoveries are parameter. Therefore, we characterize the LT transition as an
single exponential, but below this stretched exponential beabrupt but continuougso called, “weak” first order or
havior is observedsimilarly to the Sr(Ref. 8 and Li-doped  “quasi” second order SPT"*8
cased’]. The same fitting procedure was applied for the en- In contrast to the strong signature of the SPT in the dy-
tire temperature range investigated; while this increases theamical parameterR;, no noticeable change ing is ob-
uncertainty inR; at low T, we find that varying the fitting served[Fig. 1(@)]. In addition, the magnitude arl depen-
procedure has essentially no effect on the position of thelence ofv, are found to be nearly identical to @Ref. §
peak afT; and atT 7, and the value of the activation energy and Li-doped casé$ with similar hole concentration as
E, discussed later. Th& dependence of the ratiB;.;, Shown in Fig. 1a) even though the more distorted local
=[Ry(at3vg)]/[Ry(at2vq)] [Fig. 2(b)] was also investi- structure is expected in kg xEuy 2Sr,CuQ, due to the large
gated in order to understand the origin of the dynamical flucamount of Eu €0.2). In fact, we find that the particular
tuations in this system. Theoretically, it is known that changes in the local EFG associated with the LT transition
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have very little effect on thé®*%L.a v,. Calculation of the 10% '
EFG at the La site by summing the contribution from all
neighboring ions within a radius of 60 A reveals only 0.5%
change in the principle component of the EFG,§) due to 5
the 45° rotation of the tilt axis of the Cy®@ctahedra arising 10
from the SPT-* We do find, however, that th#*%.a vq is
sensitive to the magnitude of the CyOctahedral tilt. The
absence of a change i, at T,y indicates that there is no
abrupt change of the tilt angle of the Cy@ctahedra at the
LT transition, consistent with the results of x-ray, neutron
diffractior®'® and Massbauer spectroscopy studt@&sOur
calculations also show that the andle) of V,, from the 101
crystalc axis does not change, either. We find that 13° in 0 0.5 1 1.5 2
both phases with negligible change Bt; (Aa<1°), in 10/T (K1)
good agreement with other experimental restffs.

The ratioA v, [Fig. 1(c)] shows that abov&,, the line ~ FIG. 3. 139 a R, vs 10T. Lines are fits to the activated behav-
broadening is of quadrupolar origin arising from local inho- 107 Ri=expEal/keT).
mogeneity of the EFG due to the high density of Eu ions. In
contrast, the small increase & below Ty and the substan- hearest-neighbor CuQayers is opposité! A similar argu-
tial jump in Av at T, [Fig. 1(b)] are both consequences of Ment regarding the stacking faults can be found in Ref. 14
increased magnetic broadening. The magnetic shift of thalthough a discrepancy exists in the spin directions in the LT
139 5 NQR line is proportiona| td—|Z:|Him|Cosé’ [See the phase between Refs. 24 and 14. The StaCking of SpinS in
inset of Fig. 1b)], the component of the internal fielti(,) ~ Neighboring Cu@layers is determined by the interlayer cou-
at the La site parallel tv/,,.° In fact, H, will split sharp 2, Pling and is uniquely determined by a net AF interlayer cou-
and 3, NQR lines into doublets as observed in pling in the LTO phasg. Thus, the ob_servatlon of sta@ckmg
La, ,SECUO,®° La,Cu, ,Li,0,° and oxygen-doped faults in the LT phase implies that the interlayer coupling is
La214%2 However, since the NQR line in \I/_v_?akenzg4 by the §tructura| che_mgg to the less orthorhombic
Lay 5 Ely,SKCUO, is already very broad abovéy, the phase’” In fact, in dc magnetization measurements of our
splitting of the broad line is visible only as a small additional S2MPIes to be publlshed_elsewhéme observe evidence for
broadening of the line. Thus, the small increase fimme- the reduction of the AF interlayer coupling in the LT phase

diately belowT is then simply due to the appearance of theWhich causes a sudden increase in the magnetizatidpyat

internal field in the AF state of the LTO phase and does not 1 he increase imlv cannot be attributed to an increase in
indicate a distribution of, . eithera or 6. First, the absence of a noticeable change in the

13 ;
In contrast, the dramatic magnetic broadenindlat is La vq at T,y and our calculation .Of an EFG tensoor shows
ascribed to an increase in the distributionHdf in the LT that the "?‘f‘g'm does not change _S|gn|f|cantI3A@<1 ) at
phase. We argue that it arises from the distribution of thdhe transition. Our recent magnetization study in an oriented
in-plane angles of H,.; with respect to the axis of,,in LT  Polycrystalline LagEu, ,CuO, powder revealed that the

phase. Referring to the illustration in the inset of Figh)1 anomalous increase of the magnetization is observed only for
the angleZ is determined by Hilc axis® This result clearly excludes the possibility of an

increase ind (i.e., a rotation of the G spins up out of the
cos¢=sina cose cosd+ cosa sin é. (1) plang; in this case a similar anomaly should be observed in
theH_L c-axis magnetization. We note that neutron scattering
Using the known valuese=13-15° (Refs. 9 and 21land did reveal an increase of the out-of-plane component éfCu
9<1°;%we find that reducing the in-plane angtdrom 45°  spin at lowT in La,_,_,Nd,Sr,Cu0,.® However, this is due
(assumed in LTO pha®eto 0° increases casby ~1.4.  to the coupling of the Cu moments to the Nd mom@atsd
Thus, a distribution of the in-plane angfecan give rise to a is not intrinsic to the AF Cu@plane; hence it is absent in the
considerable distribution dfl, and this can explain the ad- nonmagnetic Eu-doped La214 and so is not relevant to the
ditional magnetic broadening we observe. We note that wéncrease of thé3%La Av observed here.
observe the same magnitude/of at low T in a sample with We turn now to the anomalous low magnetism. The
the same Ew 0.2 but without holes (S#0.0); this indicates strong enhancement &; at low T with a peak afl =6 K
that the additional magnetic broadening in the LT phase is and the anomalous increaseff below ~ 30K bear a close
purely structural effect, and is little modified by the presenceesemblance to similar features observed in lightly hole-
of doped holes. doped La_,Sr,CuQ, (Refs. 8 and 9and LaCu;_,Li,0,.%°
This distribution of the in-plane angle) in the LT phase This behavior now seems to be universal in lightly hole-
implies a distribution of ordered moment orientationsaim  doped AF La214. Analyzindr,(T) at low T (aboveTys) in
plane. This can be ascribed to faults in the spin-stackingerms of activated behaviorR,;xexpE,/ksT), we find
pattern induced by the reduction of the interlayer coupling inE,/kg=62+5 K for both samples as shown in Fig. 3. These
LT phase. From a neutron scattering study in the LT phase ofalues are considerably smaller than those obtained in
Lay ¢Ndg 3:CuQy, Keimer et al. observed the presence of La,_,Sr,CuQ,: T;=15K andE,/kg=120K at similar hole
equal fractions of two magnetic structures; these two differconcentratiofeven though the origitdopany of the doped
from each other in that the stacking sequence betweeholes is the same. This is in dramatic contrast to the obser-

Ey/kg = 61 K

R; (sec™)

Efkg =63 K O Sr =0.010
® Sr =0.015




RAPID COMMUNICATIONS

PRB 59 LOCAL MAGNETIC AND STRUCTURAL PROPERTIES 6. .. R3955

vation thatT; and E,/kg found in La_,Sr,CuQ, (Ref. § low T (Ref. 9 proposed previously. Re-examination of the
and LaCu,_,Li,O, (Ref. 10 are essentially identical even domain- or hole-localization picture is desired.
though they have different dopantgout-of-plane vs In summary, we have presentédla NQR results in
in-plane.!®!  The significant difference  between La; g «Eup S CuQ, which contribute to a more detailed un-
La,_,Sr,CuQ, and La g El,,Sr,CuQ, is the local struc- derstanding of the interplay between structural and magnetic
ture. Clearly, the local structure plays a crucial role in deterproperties of the LT (LTG»Pccr/LTT) transition. We find
mining the low-temperature magnetic properties in lightlythat the SPT affects the AF CyG@pin structure resulting in
hole-doped La214. faults in the spin-stacking pattern due to the reduction of the
Holes added to AF La214 segregate into charged regioniaterlayer coupling in the LT phase. By comparing the data
(domain wall$ surrounding undoped AF domains. The optained in Lag EUy,SLCuO, with the results in
anpmalous I.ow'F magnetic t_)ehavior indicates a freezi_ng of La,_,Sr,Cu0, and LaCuy;_,Li,O, we find that the mag-
spin fluctuations accompanied by recovery of the static subpetic properties are very sensitive to the local structure; in
lattice magnetization. This has been interpreted as arisingct the local structure plays a more important role for the

from freezing of the domain motidh and/or disappear- magnetic properties of lightly hole-doped La214 than the
ance of the domain walls as the constituent holes becomﬁosition of the dopant.

pinned to donor impuritie3On the other hand, static charge-

stripe order has been observed in the LT phase of more We thank F. Borsa for helpful suggestions. The work at

heavily doped L@X,yNdySrXCuO4,6'7 indicating that do- Los Alamos was performed under the auspices of the U.S.
main walls are more strongly pinned in the LT phase. ThusPepartment of Energy. B.B. and M.H. were supported by the

the smaller values of; andE,/kg in La; g \Ely-,Sr,CuQ,  Deutsche Forschungsgemeinschaft through SFB 341. M.H.
observed here cannot be simply explained by either thacknowledges support by the Graduiertenstipendium des
freezing of domain motiol?'* or the localization of holes at Landes Nordrhein-Westfalen.
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