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We present neutron scattering data on two single crystals of the high temperature superconductor
La,_,(Ca, S§,CaCyOg,s The Ca ;-doped crystal exhibits a long-range antiferromagnetically ordered ground
state. In contrast, the @rsdoped crystal exhibits short-range antiferromagnetic order as well as weak super-
conductivity. In both crystals antiferromagnetic correlations are commensurate; however, some results on the
Ca -doped crystal resemble those on the spin-glass phase xf3t@CuO,, where magnetic correlations
became incommensurate. In addition, both crystals show a structural transition from tetragonal to orthorhombic
symmetry. Quite remarkably, the temperature dependence and correlation length of the magnetic order is very
similar to that of the orthorhombic distortion. We attribute this behavior to an orthorhombic strain-induced
interbilayer magnetic coupling, which triggers the antiferromagnetic order. The large size of the crystals made
it also possible to study the magnetic diffuse scattering along rods perpendicular to thelanés in more
detail. For comparison we show x-ray diffraction and magnetization data. In particular, for ghed@zed
crystal these measurements reveal valuable information on the spin-glass transition as well as a second
anomaly associated with the Néel transition.
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I. INTRODUCTION der was observetf This finding is in sharp contrast to the

The system LgCaCuyOg. is a very interesting member incommensurate spin stripesf fozlémd in,L&rCuO, with'
of the family of high temperature superconductors. Similar t&"omparable hole concentrati6h?® The present study is
YBa,CuyOg. it has CuQ bilayers. However, it has no CuO aimed at a better understanding of the different behavior in
chain layers. To introduce holelike charge carriers into the La;(Sr,Ca,CaCuyO..
CuO, planes it can be doped with Sr and Ca, although speci- Structurally, La_(Sr,Ca,CaCyOg,s is known as the
mens generally must be annealed under high oxygen pregaost simple bilayer systef? Its unit cell, displayed in Fig.
sure to become bulk superconductérsThe maximuniT,of 1, can be derived from that of the single layer sister com-
~60 K is relatively low compared to other bilayer systetns. pound La_Sr,CuQ, by replacing the Cu@octahedral net-
High pressure oxygen annealing was shown to introduce inwork by two CuQ pyramidal planes, separated by a cation
terstitial oxygen, which leads to an increase of the holgmonolayer. In a stoichiometric compoufé=0) the intersti-
concentratior:® Furthermore, it increases the miscibility tial oxygen site @) is not occupied! The structure of the
range for Sr and Ca dopirigThe detailed role of the oxygen rocksalt layers separating adjacent bilayers is identical to
interstitials, in particular with respect to superconductivity, isthose in La_Sr,CuQ,. In the undoped caséx=0), one
still unclear. would ideally expect that the lattice site(l) in the center of

So far, most studies were performed on polycrystallinea bilayer is occupied by Ca, and the lattice sit¢2Min the
specimens, which are much easier to homogenously chargeck salt layers by LgFig. 1). However, it turns out that
with oxygen than are the large single crystals needed foabout 10% of the NIL) sites are occupied by La, while a
neutron scattering. However, the study of underdoped cryszorresponding number of alkaline earths go on th&M
tals grown at low oxygen pressure is as important as thaite®182223Thijs ratio will of course change slightly upon
study of bulk superconductors, since high temperature supedoping Sr or Ca for La. Interstitial oxygen introduced by
conductivity at high hole doping seems to be intimately con-high pressure oxygen annealing goes on tt{8) Gite, and
nected with the antiferromagnetic correlations at low holeeffectively bridges two Cu@pyramids in a bilayer to two
doping/ In particular, there is growing evidence that incom- CuQ, octahedra, coupled via their apical oxygei?4-26
mensurate antiferromagnetic correlations of the Cu spins are In this work we present neutron scattering results on two
associated with the so-called charge and spin stripes, whidarge single crystals with the compositions, li&a; ;Cu,0g. 5
may play a vital role for superconductivily*’ In a recent and Lg gSK, ;:CaCyOg,s Optical conductivity measure-
neutron diffraction experiment on a nonsuperconductingnents by Wanget al?” have shown that both compounds
La; goShh2dCaCuyOg.s Single crystal grown at 1 atm oxygen contain a significant hole concentratipnper CuQ plane,
pressure a commensurate short-range antiferromagnetic aeughly consistent with the nominal valugs=x/2. (Note
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FIG. 1. Unit cell of Lg_(Sr,Ca,CaCy0q.s in the tetragonal
high temperature phase.

that for La,_,Sr,CuQ, p=x.) From neutron diffractior{ND)
we find that the Ca-doped crystal exhibits a long-range anti
ferromagnetic order. In contrast, the Sr-doped crystal exhi

its a short-range antiferromagnetic order as well as weal
superconductivity, withre"*~ 25 K and a superconducting
volume fraction of the order of one percent. In both crystal

S
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McMaster University by the traveling-solvent floating-zone
method. The LaCa 1Cu,04,s Crystal was grown in an at-
mosphere of flowing oxygen gas at a pressurep®,)

=1 atm. The LagsSKy1:CaCy0Oq,s Crystal was grown at
p(O,)=11 atm, to increase the concentration of oxygen in-
terstitials. At the given pressures, both compositions are
within the range for single-phase solid solutions of this
material®> Our attempts to grow crystals witk=0.2 and
p(0,)=11 atm inevitably yielded samples containing a sec-
ond phase.

In the case of LaCa ;Cu,04.s Neutron scattering ex-
periments were performed on two large pieces with weights
of 3.9 g and 5.3 g. For LgsSr 1:CaCy0g,s the studied
piece had a weight of 5.1 g. As mentioned earlier, this crystal
shows weak superconductivity, although it has a lower Sr
content than the crystal studied in Ref. 18, which was grown
at p(O,)=1 atm and insulating at low temperatures. We as-
sociate this different behavior with the higher oxygen pres-
sure used in our crystal growth procedure.

The neutron scattering experiments were carried out on
the triple-axis spectrometer BT9 at the NIST Center for Neu-
tron Research, at neutron energies of 14.7 meV and
30.5 meV. Pyrolytic graphit§PG) (002 reflections were
used for both the monochromator and the analyzer. To elimi-
nate higher-order contamination, an additional PG filter was
put into the beam after the analyzer. The crystals were
mounted in a He filled Al can. X-ray diffraction experiments
were performed in reflection at beamline X22C of the Na-

tional Synchrotron Light Source at Brookhaven at a photon
gnergy of 8.9 keV. The magnetization of small pieces of the
crystals was measured with a SQUIBuperconducting

quantum interference devicenagnetometer.

antiferromagnetism is commensurate, which is not surprising
for the long-range order, but somewhat unexpected in the IIl. RESULTS AND DISCUSSION

case of the Sr-doped crystal. In addition, both crystals show Figure 2a) shows the reciprocal space for tlig,h, 1)

a structural transition from a high-temperature-t_etra_gona&one of LaCaCu0Os. in the notation of the tetragonal unit
phase to a low-temperature-orthorhombic phase, first identi ell of Fig. 1 with space groupd/mmm At room tempera-

O C
fied in Ref. 18. The temperature dep_endgnce of the magnetif o o crystals are tetragonal and only fundamental Bragg
order and the orthorhombic lattice distortion show a remark

ble similari hich i . fa di ' “peaks (@) are observed. At low temperatures additional
apie simi arity, which we dISCuss in terms.o a I_Stortlon peaks appear, indicating the transition into the orthorhombic
induced magnetic interbilayer coupling. It is possible that

; . [OYE ) hasé® (O) as well as static antiferromagnetic ordek).
this magnetoelastic coupling influences the electronic groun

tat q b determi hether it | e ote that magnetic Bragg peaks are allowed fom (n
state and maybe even determines wnether it IS magnetic OaEO) but for| even they are dominated by the nuclear super-
superconducting. The large size of the crystals made it po

Atti 8,29 i i
sible to study the elastic and inelastic response from twﬁnattlce peaks®# In the orthorhombic phase, with space

. . . . . . groupBmal no splitting of the in-plane lattice constants was
dimensional2D) diffuse scattering, which shows up in rods observed within the resolution of the neutron and x-ray ex-
along Q,. Furthermore, we have performed a number of

x-ray diffraction (XRD) measurements, which reveal addi- periments, although x-ray data show a clear broadening of

) ; ) corresponding fundamental Bragg peaks for in-plane mo-
tional information about the temperature dependence of the : . .

) . . . : mentum transfers. This suggests that the orthorhombic strain
linewidth of the orthorhombic superlattice peak in both crys-

tals(Sec. Il B). Measurements of the static magnetic suscep

is weak, i.e., much weaker than in 1 gSr,CuQ,.3%3! There-
tibility reveal information about the spin-glass transition, andfore' throughout this paper reflections will be indexed using
show a second anomaly associated with the antiferroma

%e notation for the tetragonal unit cell and scattering vectors

. . =(h,k,1) will be specified in units of27/a,2w/a,2x/c).

netic order in the Ca-doped cryst&ec. 11l O. The thick grey lines in Fig. @) symbolize scattering rods

along thec-axis from 2D scattering. The arrows mark the

positions where most of the scans were performed. To
The two centimeter-size single crystals with6—7 mm  test whether the magnetic Bragg peaks are incommensurate,

and length of ~10 cm were grown at Brookhaven and the crystal was mounted in théh,k,2k) zone where all

Il. EXPERIMENT
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FIG. 2. Reciprocal space for thén,h,l) and (h,k,2k) zones ;73,‘ 1oL N
with typical scans indicated by arrows. X-ray diffraction experi- & 05 E b
ments(XRD) were mainly performed a(lg,%,Z) and(g,g,Z). =1L M % M @
0.0 KX 84 Gt 1 0Cat e
0 1 2 3 4 5
scans were performed on tﬁ§,§,3) peak[see Fig. 2b)]. (b) £ (rlu)
For the lattice parameters at10 K, as determined by neu- _ - s 5
tron diffraction, we finda=3.821) A andc=19.4%5) A for FIG. 3. Elastic scans along®Q=(3,3,1) and (3,2,1) for
Lay g:Sh 1:CaCuy0q,5 as well asa=3.831) A and ¢ La16Ca1CL06.s (top) and La g5Sr5.15CaC Y064 5 (bottom. M in-
— 19-365) A for Lay Ca ;C0g4s. dicates magnetic Bragg reflections and S predominantly nuclear su-

perlattice reflections.

A. Neutron scattering Figure 4 shows the intensity of representative magnetic
and structural superlattice peaks, after subtraction of the
background, as a function of temperature. First we will focus
In Fig. 3@ we show longl-scans alon@d=(3,%,1) and  on La Ca 1C,0g.s Which we have studied twice. In the
(2,2,1) for La; Cay ;CU,04+s at low temperaturegcf. Fig.  first experiment(No. 1), the intensity of the magnetic
2(a)]. One can clearly see the increase of the predominantlfé,%j) peak in Fig. 4a) indicates Néel ordering above room
nuclear superlattice peaks fo=2n (n#0) as well as the temperature. However, the relatively slow increase of the
decrease of the purely magnetic Bragg peakd fodd with  intensity belowTy suggests that the phase transition is quite
increasing|Q|. As mentioned earlier there is also a small inhomogeneous. In addition, two further transitions are ob-
magnetic contribution fol even. Weak intensity observed at served: one at-175 K, where the intensity starts to increase
=0 is believed to arise from higher harmonics or multiplefaster, and a second at 20 K, where the intensity decreases.
scattering. Note that in contrast to JGuO, no magnetic In a second experimeiiNo. 2) performed 3 months later on
peak is expected &t 0, since the magnetic structure factor is the same crystal as well as on a second cryStalhad de-
zero (see Sec. Il A 22829 The peak width in Fig. @) is  creased to~175 K, though also in this case a very weak
resolution limited. Fromh-scans through the magnetic peak could be traced up to 300 K. Moreover, the drop in
(%,%,1) peak with a collimation of 1810'-10'-10' (not  intensity below 20 K appeared to be weaker by a factor of
shown we have extracted a minimum in-plane correlation2—3. We note that we have checked this for the same crystal,
length of é=270 A, suggesting that LaCa, ;Cu,0g,s €X- peak and spectrometer configuration as in experiment No. 1.
hibits a long-range antiferromagnetic ord@in the case of However, a full temperature scan was performed only on the
La; g5Shh1:CaCy0Og.s in Fig. 3b) the peak intensities are (%,%,3) peak after mounting this crystal in til, k, 2k) zone
about one order of magnitude smaller and the peak widthgFig. 4@)]. Surprisingly, in this case the drop below 20 K is
much larger, indicating a short-range order. For the structuratot observed at all. We explain this as follows: with the
distortion we find that in-plane and out-of-plane correlationcrystal mounted in théh,k, 2k) zone the 2D scattering rods
lengths are about the same and of the ordegsf27 A.  are almost perpendicular to the horizontal scattering plane.
Interestingly, the in-plane correlation length of the magneticBecause of the relaxed collimation in the vertical direction,
order is nearly identical with this, as will be shown below in scans through the magnetic Bragg peak will also integrate
more detail. However, the magnetic peaks are too weak tsome intensity from 2D scattering. As the diffuse intensity
extract a reliable value for the correlation length alang increases at low temperatu(8ec. Il A 2) it possibly com-

1. Magnetic Bragg and orthorhombic superlattice peaks
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pensates the decrease of the magnetic Bragg peak beldl®5 K and the order is short range. The lower transition tem-
20 K. perature and much weaker peak intensity most likely follows

The clear decrease of the magnetic peak intensity belofrom the higher hole and oxygen content than in
20 K in experiment No. 1 strongly resembles findings for theLa; «Ca 1Cu,0¢.s. We mention that similar data as for our
spin-glass phase in lightly Sr-doped ,Lgr,CuO, with x  Lay gsSry 1:CaCuyOg, s Crystal were obtained by Ulrickt al.
<0.022 There, the decrease of the commensurate magnetin a La g;Sr, ,dCaCyOg, 5 Crystal with short-range ordé.
Bragg peak is accompanied by the appearance of intensity &towever, our results on LaCa ;Cu,0g.s show that the
peak positions consistent with incommensurate stripeoupling of orthorhombic strain and antiferromagnetic order
antiferromagnetism® Unfortunately, the apparent change of also exists in samples with low charge carrier concentration
our sample prevented us from taking similar measurementand long-range ordeisee discussion
on La LCaq 1Cu,0¢,s in the same state as that found in ex- The inset in Fig. 4) shows the full width at half-
periment No. 1. In the second experiment no intensity atmaximum of the magnetic and the orthorhombic in-plane
incommensurate peak positions was obserysde Sec. peak width in reciprocal lattice units ef* =27/a. The con-
[l A 3). Although further experiments are needed to sort outribution of the spectrometer resolution to the linewidth at
why the sample has changed, a very likely scenario is &he lowest temperature amounts to 5%. While the orthorhom-
redistribution of the oxygen over time. bic superlattice peak could be analyzed up to 160 K, the

In contrast to the magnetic peaks, the temperature depemagnetic peak became too weak for 70 K. Nevertheless,
dence of the orthorhombic superlattice peaks ofit is obvious that up to 70 K the magnetic peak width is
La; Ca 1Cw,04, 5 are nearly identical in both experiments nearly the same as for the structural peak, and shows a simi-
[Fig. 4(b)]. Below the structural transition at 175 K intensity lar temperature dependence. For a comparison of the width
increases and saturates at low temperatures. It may, howevef,the orthorhombic superlattice peaks in both of the crystals,
be important to notice that in experiment No. 1 the intensitywe refer to Sec. Ill B, where we show high-resolution x-ray
slightly decreases below 20 K. We assume‘thallt tr;is decreas#ffraction results.
[ he magneti ntribution .4 k
et s ot contiouton to ez, 4 peak 2. Difuse scattering

Quite remarkably, the temperature profiles of magnetic A closer look at the data of LaCa Cu,Og,s reveals
and superstructure peaks in experiment No. 2 are almosignificant intensity from elastic 2D scattering between the
identical[cf. Figs. 4a) and 4b)], indicating a magnetoelastic Bragg peakgFig. 5. At low |Q| it originates largely from
coupling. The same similarity is observed for the magnetic scattering, as will be discussed in the next para-
La; g5Shy 1£CaCy0g. s Crystal in Figs. 4c) and 4d), with the  graph. The lond-scan in Fig. %), which is the same as in
major differences being that the transition occurs at aroundrig. 3(a), shows that the 2D magnetic scattering intensity is
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FIG. 5. Elasticl-scans for LasCa Cu,0Og,s (@) along Q
(%,%,I) at 9 K (logarithmic intensity scale The peak at=7.46 as
well as the left shoulder of the peaklat9 originate from Al pow-
der ring reflections(b) alongQ=(3,3,1) at 9 K and 40 K(c) along
Q:(%,%,I) and(%,g,l) at 9 K. The origin of the peaks &t6.5 in
(@) and atl=0.35 in(c) is not clear, but there seems to be no
systematic appearance of further unidentified peaks.

modulated sinusoidally{Note that the dip in the data at
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FIG. 6. Elastic scans through the magnetic Bragg déa%ﬁ)
of La; Ca 1Cw,0q,s at different temperatureda) h-scans.(b)
I-scans(c) Background signal as well as diffuse scattering intensity
extracted fromh- andl-scans.

we have neglected in this qualitative discussibifthe mag-
netic form factor is a slowly varying function and causes a
decrease of intensity with increasif@®|.>®> On the other
hand, assuming a collinear spin structure with the spins lying
within the CuQ planes(as in other cupratgswe expect an
increase of intensity with increasingassociated with an in-
crease of the magnetic interaction vec®r=Q X (SXQ),

whereS is the Cu spin an@)=Q/|Q|.3¢ Thel dependence of

S, most likely explains why in Fig. @) the 2D scattering
intensity around the second maximumi aB.7 is higher than
around the first maximum at2.937

The elastic 2D magnetic scattering intensity strongly de-

creases with increasing temperature as can be seen from Fig.
5(b) where we show a comparison lbécans at 9 and 40 K.

A more detailed temperature dependence was extracted from

|=3.2 was not reproducible, e.g., in an identical scan in Figscans through the magneti¢, 3,3) peak in Figs. 62 and

6(b) it is absenfl The modulation results from the antiferro-
magnetic coupling between the Cuflanes within a bilayer

6(b). In h-scans, the intensity in the tails at any temperature
quickly approaches the background, whileligcans it stays

and is proportional to the square of the magnetic structur@bove the background due to 2D scattering. When increasing

factor g(q) for the acoustic spin wave mod@3*>

(e

wherez is the ratio between the intrabilayer distamtef the
CuG, planes and the lattice parameter(see Fig. 1L For
lightly Ca- or Sr-doped LgLaCy0Qg,, the literaturé® gives
a value ofz=0.17, resulting in the solid line in Fig. 5, which

g =sin(mzl),

the temperature up te-100 K, the 2D scattering intensity
drastically decreases, but stays above background up to room
temperaturgFig. 6(c)].

It is important to notice that the temperature dependence
of the diffuse scattering intensity in Fig(d is different
from that of the magnetic Bragg peaks in Figa} Instead it
is more similar to the temperature dependence of the short-
range magnetic order in LgsSr 1:CaCy0Og,s in Fig. 4(C).

is in good agreement with the modulation of the data. TheThe increase of the diffuse intensity is particularly steep at
first maximum of the magnetic structure factor is reached fotemperatures where the decrease of the magnetic Bragg peak
[=2.9, which is why magnetic Bragg peaks are studied beswas observed, indicating that intensity is transferred from the
at1=3. Note that for a detailed description of the scatteringBragg peaks to the 2D scattering rofdd. Figs. Gc) and
intensity one must include the magnetic form factor and thet(a)]. A similar transfer of intensity at low temperatures was
spin structure, as well as the spectrometer resolution, whichbserved in La,Sr,CuQ, with x<0.02 (Ref. 33 and in

094510-5
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E=30.5meV, 40-40-80"-80", 2PG riod is the same as for the Ca-doped crystal in Fig. 5. In
200 £ A B L B La1_85SI’0_15C8..CLé06T5 the modul_ation is partiqularly pro-
= i La Ca CuO i nounced in inelastic scans, as is shown in Fig. 8 for scans
'E 600 - remEee alongQ=(3,%,1) at 30 K and 200 K and an energy transfer
& " O (252525) - of Aw=6 meV. Note that this underlines the magnetic nature
€ %00~ ® (050525 of the diffuse scattering, as at finite energies no significant
8 400 | contribution from diffuse nuclear scattering is expected.
= L 4 From Fig. 8 it is obvious that the modulation of the inelastic
% 300 — — scattering intensity far above and below the magnetic and
5 i Mﬁ—g—{) T structural transition at-125 K does not differ significantly,
€ 200 B BKGND ] indicating that in the paramagnetic phase the intrabilayer an-
100 k= = tiferromagnetic correlations are still strong. We mention, that
- . a similar structure factor modulation was observed in
0 1'0 : 2'0 : 3'0 : 4'0 : 5'0 YBa,Cuy0g.5.3*3° However, there the relative bilayer spac-
T (K) ing amounts t@=0.28, so that the first maximum is reached

at1=1.8, in comparison t6=2.9 in LgCaCyOg, s Further-
FIG. 7. Elastic diffuse scattering intensity &,1,5) and ~ MOre, in YBaCuOs.; it was observed that d=-1.8 the
(£,2,2) in Lay gCay 1C 1,0, 5 as a function of temperature. intensity is larger than at=+1.8, which is due to the so-
o called focusing effect of the spectrometer resoluffbrt
. . I=+1.8 the long axis of the resolution ellipsoid has a signifi-
YBa,CuyOs (see Figs. 13 and 14 in Ref. BAherefore, we cant angle with the 2D scattering rod, therefore integrating

assume that it is associated with the freezing of spin fluctu . . - .
tions, which leads to the formation of the spin glass phase ala§ss intensity than d&~1.8, where the long axis and the rod

are approximately parallel. For LgSry 1£CaCy0Og. s in Fig.
low temperatures. ! : e )
To examine the origin of the elastic 2D scattering, We8 the intensity al=-2.9 is only slightly larger than dt=

o . ; +2.9, which is due to the fact that the 2D scattering rod is
have studied it dependence in LaCa, ;Cw04.5. AS IS N . . A )
shown in Fig. 5$;:()?| thepdiffuse scattlélr?ngiiﬁte%nsi?yéin a scqn "elatively broad inh andk, which diminishes the focussing

S . ffect. Intensity clearl r with increadi h
alongQ=(2,2 1) is significantly lower than in a scan along © ect. Intensity clearly decreases with increadidge to the

Q=(3,3.1), indicating that at lowQ| it results largely from magnetic form factor.

2D magnetic scattering. On the other hahescans along _ _

Q=(h,h,3) through the 2D scattering rods at3 and h 3. Search for spin stripes

:g reveal that some of the intensity results from 2D nuclear In the presence of antiferromagnetic stripe correlations
scattering. In Fig. 7, where we show intensities, one can segmilar to those in La,Sr,CuO, we would expect intensity
that the intensity aQ=(%,2 2) decreases with increasing at incommensurate peak positions displacedjpgrom the

temperature, while aﬂ):éfg ,zg) it is temperature indepen- magnetic Bragg peaks &,g. Different sets of incommen-
dent, indicating the dominance of 2D nuclear scattering fosurate peaks are possible, depending on whether the direction
higher|Q)|. of stripes is parallel to the in-plane Cu-O bondgs

In  Lay gSh1£CaCuy0g,s the elastic 2D scattering =(*€,0,0 or (0, *e,0)] or diagonalgs=(2¢, £12¢,0) or
intensity at 1.7 K is significantly weaker than in (+\2e, ¥ 2¢,0)].1?%38Since due to the magnetic structure
La; Ca 1Cu,06.5 at 9 K. It is modulated sinusoidally along factor the magnetic intensity is maximum néa, the crys-
| and decreases rapidly with increasing temperature. The péals were mounted in thign, k, 2k) zone, to scan these incom-

E.=14.7meV, 40-40-80™-80’, 2PG

T T T I T T T | T T T I T T T I T T T I T T T

E 200 B La1.BSCasr0.1SCu206+6 (0.5 0-5 g) T
E O T=200K hw=6meV
™~
o 150 - e T=30K E -
£ ) .
% FIG. 8. Inelastic scans with
g 100 fiw=6 meV alongQ=(3,3,1) for
= Lay g5510.15CaCy0g. s
3
E 50
£

0

-12
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La,Ca, ,Cu,0,, La,,,8r,,,CaCu,0,,, ture intensity is very small, with x rays the superlattice peak
T T ke T T T T T could be followed up to 200 K revealing a strong increase of
(15152) 25252 the peak width. In both crystals the superlattice peaks are
08~ 7 %8 sharper foh-scans alon@=(h,h,1) than in the perpendicu-

lar directionQ=(h,h,I). According to Ulrichet al. the struc-
tural distortion in the orthorhombic phase consists of a dis-
placement of the apical oxygen(®) along[110] (cf. Fig.
1).18 Hence, our data seem to indicate a larger domain size
[ along the displacement direction than in the perpendicular

U1, (@rb. units)
o
S~
I
L
o
~
I

o

N
T
|

o

o
I

oo—+——+——=p4—+— oopb—+——+——+—F— { disp
[ (1.5152) ] [ (25252 g in-plane direction.
0.03 :— —O—(hh2)scan —: 0.3 :— —O—(hh2)scan —:
3 pehheen 1 [ TS hhasen 1 C. Static susceptibility
§ 00 1 %%F A To compare our results from diffraction with macroscopic
C 1 ] magnetic properties we have measured the static susceptibil-
sorp q%F E ity x of small pieces of the crystals. First we will focus on
r | | 1 1 I ] the susceptibility of LadCa ;Cu,0¢.s Figure 1Qa) shows
000, 50 100 150 200 "0 s0 10 10 200 itSyinH=1Tand 7 T forH parallel to thec-axis as well as
T (K) T (K)

parallel to the two in-plane directiof%10] and[lTO], which
FIG. 9. Results from x-ray diffraction: Normalized integrated are parallel to the orthorhombi- and b-axis. Because of

intensity and full width at half maximum of the orthorhombic su- twinning these two in-plane directions are mixed, which is
perlattice peaké2, 2,2) in La; Cay ;CUOg.5 (left) and(2,2,2)in  Why we call themabl andab2. Starting from room tempera-

212" 227 T . .
Lay g:ST.15CaCu0g.5 (right) as a function of temperature. Solid ture the susceptibility slightly decreases with decreading
line in top left graph is a guide to the eye. for all three directions, which is typical for a cuprag

=1/2,2D-Heisenberg antiferromagnet with a superexchange
coupling constantl of the order of 0.1 e\#}*2 The Curie-
type increase at low temperatures usually follows from mag-
ptic impurities such as defect Cu spins. The difference be-
weenH | c andHllab of ~1.4x 104 emu/mol is largely due
to the anisotropy of the Cu Van Vleck magnetism andghe
shift, i.e.,~0.7X 10" emu/mol per Cu@plane, which is in
ood agreement with literatufé;*®>For Hllc, no anomaly is
observed at the antiferromagnetic ordering temperature, and
data for 1 T and 7 T are nearly identical. However, for mag-
netic field parallel to the CuPplanes we find a weak field
dependence as well as a small anisotropy betwégabl
andab2. The anisotropy indicates that the crystal is partially
detwinned. At a field of 7 T, however, the anisotropy has
vanished.
Figures 10b) and 1@c) show zero-field-cooled and field-

cooled data for differenH at low temperatures. While for
B. X-ray diffraction Hllc data are nearly reversible, clear differences, as well as a
hump, are observed fdidllabl andHllab2 (not shown in-
icating the occurrence of a spin-glass transition-a8 K.

mensurate positions arourfdAF:(%,g,Bj) [see Fig. 2)].
For both stoichiometries, elastic scansTat8 K indicate
commensurate antiferromagnetism. For the Sr-doped cryst
the collimation was set to 40'-80'-80’, and for the Ca-
doped crystal to 1620'-20'-20'. Inelastic scans, performed
on Lg g5S1 15CaCuyOg, s at T=8 K, show commensurate an-
tiferromagnetism, also. These scans were performed at
energy transfer ofiw=3 meV and a final energy of
14.7 meV. The LaCq 1Cu,0O4, s crystal was then mounted

in the (h,3k,7k) zone to perform elastic scans &t8 K

through the 2D scattering rod &=(3,3,), with the colli-

mation set to 4040'-80'-80' (this type of scan is not indi-
cated in Fig. 2%° The scans show that the 2D magnetic
scattering is commensurate, as well.

In Fig. 9 we show single crystal x-ray diffraction data on

the orthorhombic superlattice peak. The polished surface his is in contrast to LaSr,CuO, where the spin-glass
each crystal was mounted so thascans alond)=(h,h,I) transition is visible forH|c. also®647

as well as(h,h,l) could be performed with high resolution.  The fact that in La_,Sr,CuQ, both the Néel and the spin-
Interestingly, in La Ca 1Cu,04, 5 the structural phase tran- glass transition are clearly visible fddlic is connected
sition is much sharper and takes place at a lower temperatute a weak out-of-plane Dzyaloshinsky-Moriya spin
(~115K) than in the neutron scattering experimentcanting, which follows from the rotation of the Cy®@cta-
(~170 K) [Fig. 4@]. Below the transition the linewidth is hedra in the orthorhombic pha&&*°As mentioned earlier, in
limited by the spectrometer resolution but significantly in-La; Ca; :CW,0Og.s the orthorhombic distortion consists pri-
creases above the transition. For, k&I, 1:CaCy0q,s Wwe  marily of a displacement of the apical oxygern2Dalong
observe a broad continuous transition with a critical temperal110], while the basal oxygens(® seem to stay in the CuO
ture around 125 K, very similar to the neutron diffraction plane® Hence, the absence of a signature at the Néel and the
data in Fig. 4. The peak width is about one order of magni-spin-glass transition foHIIc in La; Ca ;Cu,0Og.5 might be
tude larger than that in LaCa, 1Cu,0g.5 and its tempera- interpreted as evidence for the absence of an out-of-plane
ture dependence is in good agreement with our results frorzyaloshinsky-Moriya spin canting. However, it can also
neutron diffraction. Although above the transition tempera-mean that the Dzyaloshinsky-Moriya spin canting cancels
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tetragonal SICUO,Cl, with perfectly coplanar spin structure

FIG. 10. Static magnetic susceptibility of LgCa CtyOg.sas 10 0.7 T, iny?2'53 N
a function of temperature and different directions of the applied Interestingly, the two critical temperatures of 115 K and
field. (a) Zero field cooled datab), (c) Zero field cooled and field 160 K are nearly identical with the structural transiti_on tem-
cooled data at low temperatures. peratures, as observed by XRD and ND, respectiefy

Figs. 4 and 9° Considering our diffraction data alone, pos-

due to a strong antiferromagnetic coupling between the LuGsiple interpretations arg) that we have indeed observed two
planes of a bilayer. Since it is reasonable to assume thagistinct transitions,(ii) that surface effects are important
similar to YB&Cu;0e.5 this interlayer coupling within a (xrD), and (iii) that a inhomogeneous distribution of the
bilayer is orders of magnitude stronger than the interbilayegyygen content exists. The fact that both anomalies show up
coupling, it will most likely be very difficult to test for the j, the macroscopic susceptibility indicates that they involve
presence of a Dzyaloshinsky-Moriya spin canting by meangarge volume fractions, making surface effects less likely. In
of static magnetization measuremefit&? the case of an inhomogeneous oxygen distribution we would

As is shown in Fig. 11 for magnetic field=1 T parallel  expect one broad transition rather than two relatively sharp
to the CuQ planes, further anomalies are observed aiynes. On the other hand, for ND, probing the entire crystal,
~115 K and~160 K. In particular, forHllabl these two  the transition is in fact relatively broad, while for XRD,
temperatures border a diplike anomaly, and for the perpens ohing a relatively small area of the sample, the transition is
dicular directionH|lab2 a hump. In both cases the anomallessharp_ Hence, diffraction data are not inconsistent with an
are suppressed by a magnetic field of the order of 4-5 T anghhomogeneous oxygen distribution. In this case the anomaly
at 7 T the susceptibility is isotropicf. Fig. 10. We mention 5t 115 K might correspond to tH, of the hole rich surface
that forH=1 T applied parallel t({_lOO] no anqmalies are yegion and the anomaly at 160 K tfig of the bulk, which
observed; however, they can be induced at fields of 3—5 55 3 slightly lower average hole concentration. On the other
and then disappear again at 7 T. Therefore, we assume thghng the susceptibility data in Fig. (&l are difficult to un-
below Ty spins are either parallel {d10] or [110] and that  derstand in terms of a sequence of two transitions of the
the observed transitions as a function of field are due t@same kind differing only in their critical temperatures, since
a spin flop. The relatively low field scale indicates an in-at ~160 K x first decreases and then again increases at
plane spin wave gap of the order of 0.5 meV. This gap~115 K. The fact that in Fig. 1b) for Hllab2 the transition
energy is much smaller than in }@uQO, where the in-plane at the lower temperature shows a clear hysteresis, while the
gap was associated with the Dzyaloshinsky—Moriya spirtransition at high temperatures is reversible, might indicate a
canting, which might confirm that the spin canting in qualitative difference as well. Further experiments are
La, Ca 1CW,04.4 is indeed smalt®5! For comparison, in  needed to clarify the origin of this intriguing sequence of
La,CuQ, the spin flop field amounts to 10-15 T, and in transitions.
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Now let us turn toy(T) of La; gsSrp 1sCaCy0Og.,s Which U L D B L
is shown in Fig. 12. In a field ofi=1 T the onset of super- 24 La. St CaCuO it ]
conductivity is observed at 25 K for Hllc and at~15 K for i 185701572 Ve - i
Hllab. At a field of 7 T appliedic superconductivity is sup- 22 [ KT
pressed completely. AbovE, the data look similar to that of
La; Ca 1Cw04,s in Fig. 10. However, no anomaly is ob-
served at the transition to short-range antiferromagnetic ot
der at~125 K. Interestingly, the increase gfat high tem- 8
peratures is steeper than for the Ca-doped sample. This is
clear indication for a shift of the high temperature maximum 16
of the Heisenberg spin susceptibiliggppar to lower tem-
peratures, which is consistent with the fact that the hole cons 14

2.0

o
tent in La gSKy 1:CaCy0Og, s is larger and therefore the spin £
stiffness is smaller than in LaCa, ;Cu,0g, 542 5§12

o

=10

D. Discussion
The two major results of this study afB the similarity 08

between the thermal evolution of the orthorhombic distortion

and antiferromagnetic order for short as well as long-range 06
ordered samples, and) the fact that the antiferromagnetic
correlations are commensurate. For a proper interpretatioc 04
one has to consider the hole concentration, which is know!

to strongly change the electronic ground state of high- o2 -
temperature superconductdras mentioned in the Introduc- g
tion, we have estimated the degree of hole doping in ou gp AR R T N T T S T S M—
crystals from their optical conductivity in Ref. 27. Both 0 %0 100 oeaure (K)2°° 250 300
crystals show considerable optical weight at low wave P

numbers, indicating a significant concentration of holes. In F|G. 12. Static magnetic susceptibility of L@Sr 1:CaChOg4s

fact, when compared to optical data on,L&rCuQ,, the  as a function of temperature and different directions of the applied
hole content appears to be close to the nominal value field.

=x/2, which suggests that the oxygen contehtin our

crystals is close to ze®. Good agreement is also degrees of freedom may play a vital role, as will be discussed
found with optical data in Ref. 55. In particular, the room in the next paragraphs.

temperature optical data of our Lga ;Cu,04,s crystal The intriguing similarity between the temperature depen-
grown at 1 atm @are nearly identical to that of a grown-in- dence of the magnetic Bragg peak and the orthorhombic su-
air Lay gfCa 1:CW,04.5 Crystal?’->% Corresponding data for perlattice peak fuels the idea of a significant magnetoelastic
our La gsSr1sCaCy0g.s crystal grown at 11 atm coupling. In particular, we expect that the magnetic interbi-
indicate a higher hole concentration, comparable tdayer coupling depends on the orthorhombic strain. In the
Lay sCa 1:ChL0g+ 5 annealed at 20—100 atthAccording to  tetragonal high-temperature phase the magnetic interbilayer
Ref. 55, La gfa 1:CW04.5 is Not superconducting when coupling is strongly frustrated, because of the centrosymmet-
grown in air nor after annealing at 20 atm,@vhile anneal-  ric arrangement of spins in adjacent bilayés Fig. 1). The

ing at 100 atm results in & of 13 K in the resistivity. The orthorhombic distortion at low temperatures lifts the frustra-
presence of weak superconductivity in our Sr-doped crystafion, thereby triggering 3D antiferromagnetic order. A similar
and its absence in the Ca-doped one is compatible with thisituation exists in the single layer compounds@aQ, and

and shows that the Sr-doped crystal is just on the borderlingr,CuO,Cl,. While La,CuQ, becomes orthorhombic below
to the superconducting phase. 525 K and orders antiferromagnetically affy=325 K,

If we assume that the hole contents in the crystals ar&r,CuO,Cl, with Ty=250 K stays tetragonaf#23357t is
close to the nominal values, then the relatively high Néebelieved that the orthorhombic strain inJ4GuQ, is one rea-
temperature in LadCa ;Cw,0Og, s and onset temperature for son for the higher Néel temperature, since it lifts the frustra-
short-range order in LgsSr 1:CaCyOg,s are surprising, tion of the interlayer coupling®>->*We mention that early
when compared to LasSrCuQ,. However, in the bilayer uSR results on LgfaCyOg,s and LaSrCu0q,s indicate
system Y,_,CaBa,Cu;Og4 long-range order is suppressed at aNéel temperatures higher than 250 K for the undoped
higher hole content and spin-glass transition temperatures agystenf® On the other hand, in Ref. 18 the structural transi-
higher than in La_Sr,CuQ,, as well*® This indicates that in  tion temperature in a L&aCyOg,; powder sample was de-
bilayer systems antiferromagnetic order in general is morgermined to be~175 K. This means that 3D magnetic order
stable, which is due to the relatively strong coupling betweertan exist in the tetragonal high temperature pladgow-
the CuQ planes of a bilayet! In the case of ever, in our hole doped LaCa ;Cu,Og, 5 crystal, whereTy
La,_(Ca, S),CaCuyOg,; it seems, however, that additional is considerably reduced from its maximum value, the struc-

H|jab1
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tural transition seems to be essential for the stabilization obrthorhombic structure which stabilizes the antiferromag-
3D antiferromagnetic order. netic order. Therefore, we assume that the coupling of the
In the case of the LagsSr15CaCy0Og.s crystal the Iattice to charge degrees of freedom is not responsible for the
magnetoelastic coupling seems to still be active. Thisstructural disorder observed in LaSr, ;<CaCyOg.s. Spin
conclusion is based on a similar temperature dependence feeezing, on the contrary, not only is coupled to charge
the peak intensity and correlation length of the structurajpcalization—as is the case in paSr,CuO,—but also to the
distortion and antiferromagnetic correlatiofsf. Fig. 4.  ghort-range lattice distortions. The electronic disorder, possi-
Since in Ref. 18 nearly identical results were _found fo_r 8ply induced or enhanced by structural disorder, might be re-
Lay 0Sfo.20°8C Y06, Crystal, we assume that this behavior g, nsiple for the absence of incommensurate magnetic cor-
Is_Intrinsic for samples grown at low oxygen Préssure, o |ations at low temperatures. As is well known, structural
which ~ are relatively close to the SUpercondUCtIngd'sorder in this bilayer system is caused by the mixed occu-
phase, but not yet good superconductors. However, one muS tion of the metal sites () and M2), the doping with Sr

mention that while neutron diffraction experiments on and Ca as well as by interstitial oxyger@and defects in
La; goShh 2dCaCy0g,s indicate short-range magnetic order th w i fyFI' 1 (I31I22’68Xyg :
below ~100 K, muon spin rotation measurements find static e oxygen matrixcf. Fig. 1).

order only below 10 K This shows that for 10 KT
<100 K the magnetic correlations are not yet truly static. In

tp?ff rei%ecgggmaﬁgsl;xczﬁ(l)é\,?&g CrgisntfilllzﬁthEevr:/g:/?o?ndas Structural and magnetic properties of the bilayer cuprates
: ¢ . . La; Ca 1Cw,04,5 and La gsSK 1:CaCyOq, s Were studied
La, ,SKCuO, in the spin-glass phasé-* However, there by means of heutron andgsx—?a;/’c scatter?ng as well as static
t'susceptibility measurements. We observe an intimate connec-
‘tion between antiferromagnetic order and the structural lat-
”» . tice distortion, which we explain in terms of an orthorhombic
tural transition at ~125K are muc_h larger than in Istrain—induced magnetic interbilayer coupling. While in the
La,-SKCUC, at a comparable hole doping close to the metaCa—doped crystal structural distortions and the Cu spins are

) e ) .
|nns(;JIatorn:ra?S|t|orr‘i;. lTrt'e VC\)/Ii’][f]etthtemtﬁ?el’?tl:r? tlrs rr]mijt?hnh'&h?r long-range ordered, the Sr-doped crystal exhibits short-range
and seems 1o correlate € structural transition. MOreq, qar as” well as weak superconductivity. In both crystals
over, in Lg gSIh16CaCy0q,s Magnetic correlations are

commensurate.  While - thev  are  incommensurate i antiferromagnetic correlations are commensurate, i.e., no di-
Lo Sr.CuO, 18.19,38,64 y "fect evidence for incommensurate spin stripes is found.
2 -x2lx AT

Since in La {Ca, ClyOg.s the interbilayer exchange However, in La Ca 1Cw,04, s the temperature dependence

0 I learlv to the orthorhombic lattice di of the magnetic diffuse scattering as well as the static sus-
SEems 10 couple very clearly to the orthorhombic lattice IS'c:eptibility indicate the presence of a spin-glass phase. In
tortion, it is reasonable to assume that this coupling is at least

. . ?.az_XerCqu this type of phase was shown to exhibit a
one reason why in LSt 14CaCu0g..s the freezing of the short-range spin stripe ord&3889The reasons for the ab-

;hort-range magnetic order, as observed by neutron dlffracs- nce of incommensurate spin correlations in particular in
tion, rgflects the temperature depend_encel of the structurfal 4:ST0 1:CaCu0g., are not understood, but might result
distortion. In contrast, in La,Sr,CuQ, it is believed that the from an'inhomogeneity of the charge and spin density, pos-

Spin freezing oceurs upon the localization of the 'hoI('as a; IOWsibly induced by the short-range ordered structural distor-
temperature&>-°7 It is very likely that hole localization is tions in the orthorhombic phase

relevant in LagsSK 1:CaCyOg.5, also. But whether the
structural transitipn ipto the orthorhombic ph_ase expedites ACKNOWLEDGMENT

the hole localization, is unclear. In Ref. 18 it is argued that

both structural as well as magnetic disorder follows from The authors acknowledge support by the Office of Sci-
the localization of holes. However, the results onence, U.S. Department of Energy under Contract No. DE-
La; LCa 1Cu,04, 5 Seem to show quite clearly that it is the AC02-98CH10886.

IV. CONCLUSION

magnetoelastic coupling. First, the “elastic” magnetic inten
sities we observe in LgsSr 16CaCyOg, s below the struc-
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