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We have performed inelastic-neutron-scattering and dc susceptibility measurements on a polycrystalline
sample of(Srq ¢Cay ») 14CU-404,, Which has a complex crystal structure comprising alternating layers con-
taining isolated Cu@ chains and CuO5 two-legged ladders. The observed excitation spectrum is consistent
with a spin gap for the ladder of 35 meV. At lower energy transfers we have observed a broad, nondispersive,
feature centered on 10 meV that corresponds to singlet-triplet excitations in the €aihs. We see some
evidence in our susceptibility and neutron-scattering measurements to suggest that portions of,thhaeg)
are dimerized, or broken up into larger finite chains by nonmagnetic,Guds.[S0163-182806)51822-9

There has recently been much interest in the excitatiostudy the evolution of the magnetic properties with the width
spectrum of low-dimensional Heisenberg magnetic systemsf the ladders and the potential for hole doping in the later
much of it motivated by Haldane’s predictibthat integer  material.
and half integer spin chains will exhibit qualitatively differ-  The crystal structure of $§Cu,,04; (Ref. 13 comprises
ent excitation spectra with integer-spin chains displaying dayers containing the same ladder structure exhibited by
spin gap and half-integer spin chains remaining gapless. ThiSrCu,O; alternating with layers made up of Cy@hains. A
conjecture has been tested on several systems using neutnplain view of the two layers is shown in Fig. 1. The ladders
scattering and it is now generally held to be true. The closare considered to be isolated magnetically because the links
relationship between two-dimensional magnetism and highbetween the two ladders are via 90° Cu-O-Cu bonds, which
temperature superconductivity has also done much to stimyroduces a weak ferromagnetic exchange coupling leading to
late research in this field. frustration. Intraladder links, on the other hand, are via

The Heisenberg spin ladders, which 8+ 1/2 are com- 180° Cu-O-Cu bonds which provides strong antiferromag-
prised ofS= 1/2 chains coupled antiferromagnetically to pro- netic coupling between the Gt ions. Recent NMR
duce a ladder structure, provides an intermediate betweemeasurement® provide evidence for a spin wave gap of 63
one- and two-dimensional spin systems. They are describagieV for the spin ladder ir{Sry 4Cag g 14CU2404;. Within
by the Hamiltonian the chain the C&"-Cu?* link is via nearly 90° Cu-O-Cu
bonds yielding a weak ferromagnetic coupling. In the case of
Sry14Cu,,04;, bond-valence-sum calculatidisgive an av-
erage Cu valence in the CyQhains of C#**. The holes
are apparently localized to the Cy@hains, and the cou-

H:JHZ, S«-S,-+JL; S-S,

whereJ andJ, are interactions along the chains, and along ®)

the rungs of the ladder respectively. Both theoretical and
experimental studiéshave shown spin ladders to display -
several interesting physical properties of their own and it has
been suggested that they may become superconductors upon -
hole doping® Ladders made up of an even number of chains
are predicted to display a spin ghwhereas those with an

odd number of chains are predicted to be gaple5€x- -
amples of Heisenberg spin ladders are rare in nature. The
two-legged laddefVO),P,0- has been studied by neutron
scattering and a spin gap of 3.7 meV has been observed in
excellent agreement with predictions. A spin gap has also
been observed by magnetic susceptibility measurenients,
and very recently by neutron scatteritfgn the two-legged
ladder compound SrGiO;. Cuprate materials such as the
Sr,_1Cu,.,0,, seried! and LaCuQ s (Ref. 12 have at- FIG. 1. The two layers of the $iCu,,0,; Structure, comprising
tracted considerable interest because of the opportunity t@olated chaingb) and two-legged ladder®).
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pling within the chains is antiferromagnetic rather than fer-

romagnetic. Susceptibility measureméftshow that each 35
hole in a CuQ chain causes approximately one Cu0nit 3.0 (TS
to become nonmagnetic by creating a Zhang-Rice sifglet. s
These data and electron spin resondhameasurements E 2.5
show strong evidence for a singlet triplet gap for the chain of 3
approximately 10 meV which probably arises from dimeriza- 3 2.0
tion of the chain. This dimerization may arise as a result of & 15
nonmagnetic Cu@ ions breaking Lé% the chain, although v, "7 -
other mechanisms have been suggestiedluding structural Z Ll chain ; ,
distortion, as occurs in spin Peierls compounds, and sponta- = 10 ;aa_=06.%,_d1£ 7 {T‘?%”eﬁ’/;zc?.??ef,gf” e ain
neous dimerization of the chain as a result of competition 054 g=221
between nearest-neighbor and next-nearest-neighbor interac- j
tions as predicted by Haldad®lt is not clear why the cou- 0.0 . . . . .
0 50 100 150 200 250 300

pling in the chains is antiferromagnetic rather than ferromag-
netic. Ca and Sr are isovalent, however, replacing Sr with Ca
increases the conductivity ofSr;_,Cay)14Cuy40,41 until
there is an insulator-metal transition when approximately
half the Sr has been replaced by Ca, possibly due to a smét
transfer of holes from the CuQchains to the CpO,
ladderst® contribution to the scattering fas=E,, Q<q;, but a peak

In this paper, we report neutron-scattering and dc magin the scattering atr=Eg, Q=q; which would persist to
netic susceptibility results from a polycrystalline sample ofhigher Q with the intensity modulated b@) and the form
(Srg.eCag 2 14Cu,04,. We have observed scattering consis-factor following Eq.(1).
tent with a gap of 35 meV for the spin ladder and a broad The sample was prepared by the standard solid-state reac-
feature at 10 meV which is consistent with the breakup of th&jon from a mixture of SrCQ, CaCQ;, and CuO in flowing
CuO, chains into finite lengths due to the presence of nonoxygen. The dc susceptibility measurement described here
magnetic ions in the chain. Our neutron-scattering data sugvas performed with a superconducting quantum interference
gest that portions of the CuQchain are dimerized and the device magnetometéQuantum Design, MPMS2n an ex-
CuO, chain contribution to our susceptibility data can beternal field of 16 Oe on cooling. A Curie component corre-
described by a dimer-chain model, in which different inter-sponding to 3.4% of the Cu spins was subtracted and the
actionsJ; andJ, alternate along the chain as described bycontribution of the CyO; planes has been estimated assum-

Temperature (K)

FIG. 2. The chain component of the susceptibilippints with
|fit to the dimer-chain model.

the Hamiltonian ing that their magnetic behavior is the same in this material
as itis in SrCyO3. The remaining susceptibility arises from
H= 2.: 13,50 Sos1+ 325041+ Soi s o) the CuG, chains. Figure 2 shows the chain component of the

susceptibility and a fit using the dimer-chain motfelyhich

: . i
In the case of a polycrystalline sample the scattering law foka/ spin gap of 6.5 me¥2 This fit, however, only accounts for
a one-dimensional system is the powder average of the dy;

namic spin-spin correlation functiéh

S(Q,w)

in agreement with previous susceptibility measureméhts.
The neutron-scattering data described hereafter were col-
lected on the HET and MARI direct geometry chopper spec-
trometers at the ISIS pulsed neutron facility at the Rutherford
J S(q,9, ,@)dq, Appleton Laboratory. In both cases the white pulsed neutron
a=qj+a. .|a=Q beam is monochromated by a Fermi chopper which rotates at
(1) frequencies of up to 600 Hz and is phased to the neutron
whereF (Q) is the ionic form factorg andq, are the par- pulse. The energy transferred to the sample is then calculated

allel and perpendicular projections of the total momentunfrom the time of flight of the scattered neutron. MARI offers

transferq relative to the chain axis, aft{w) is the tempera- Continuous detector coverage over an angular range of 3.4°
ture factor to 134° with a sample to detector distance of 4 m. HET is

optimized for scattering at low momentum transfers over a
—how\]7? wide energy range, with banks of detectors at 4 and 2.5 m
1—exp( KT ” covering the angular ranges 2.6° to 7° and 9° to 29° degrees
B respectively. Two further detector banks at 4 and 2.5 m at
Clearly for any giverQ, all values oﬂq”|sQ will contribute  mean scattering angles of 115° and 133° are used to collect
to the scattered spectrum. For dispersive excitationdigh Q data which are used for the estimation of the non-
S(Q,w) is proportional to the density of states of the disper-magnetic background signal.
sion, consequently, where there is a singularity in the density For the HET measurements the sample was wrapped in a
of states, such as at a band minima, one expects a peak in tfiat Al foil sachet and attached to the cold finger of a closed
scattered intensity. For a mode with aminimmtqu and cycle refrigerator(CCR). However, for the MARI experi-
energy transfew=Eg for example, one would expect no ment an annular sample geometry was used with the sample

1
= tn? T@IFQI?

T(w)=
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(Sr, 5 Cay,)4,Cu,,0,, T=20K E=250meV (8ro.5 C22)14CU,0,; T=20K E=20meV

S(¢,0) (arbitrary units)

S(Q,w) (arbitrary units)
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FIG. 4. Scattering fron{Sry ¢Cay 5) 14CU»40 471 With an incident
energy of 20 meV at mean scattering angles ¢of 7.6° and

FIG. 3. Scattering fron{Sro sCa 5 14CU»404; With an incident ~ ¢=28.5° at 20 K on MARI. The solid lines represent a fit to the
energy of 250 meV at a mean scattering angh 0f 4.7° at 20 K data as described in the text, the short dashed lines the phononic
on HET. The solid line is the result of the fit described in the text.background estimated from data collected at high scattering angles.
The magnetic component of the fit is represented by long dashed
lines, the nuclear and single and multiphonon scattering is repreP€ak at 4 meV as a function @ with a fit to the dimer
sented by short dashed lines. structure factor. Although the fit is not excellent, the oscilla-

tory behavior characteristic of a dimer excitation is evident.

mounted in an Al sample can filled with He exchange gas, It seems clear that the CyGchains contain Cu@ units
before being attached to the CCR. which are rendered nonmagnetic by the addition of a hole.

From the susceptibility data of Azumet al® we antic-  The sharp peaks at 4 meV arises from dimers while the broad
ipate a gap for the ladder of 36 meV at a momentum transfefeature centered upon 10 meV may originate from longer
Q=0.8 A1 because the Cu-O-Cu distance along the laddefinite chain lengths separated by nonmagnetic ions. The co-
is 3.94 A . This point falls outside the kinematic range of existence of dimers and longer finite chains explains the fact
both instruments, however, by using an incident energy ofhat the susceptibility data only accounts for one third of the
250 meV we were able to reduce t@eat an energy transfer copper spins in the chains. A chain of dimers separated by
of 35 meV to 0.93 A1 Figure 3 shows data collected on single nonmagnetic atoms would constitute a dimer chain,
HET under these conditions. The points show the experimerut it is not clear that any of the observed scattering arises
tal points collected at a mean scattering angle of 4.7°. Th&om a dimer chain rather than isolated dimers. This infor-
solid line is the result of fitting a convolution of E€L) with
the instrumental resolution function to the data using the 2
dispersion relation for a spin ladder willp=J, predicted by
Barnes and Rier® The dashed line is an estimation of the
single and multiphonon background from data collected in
the high-angle detector banks, where the inelastic scattering
is solely single and multiphonon in origin. Two scaling fac-
tors for the background were used as free parameters in the
fit. A Gaussian was used to account for the magnetic inten-
sity at energy transfers below 15 meV which could not be
resolved from the elastic peak at this incident energy. This fit
yields a value for the spin gap &,;=34.9 meV in excellent
agregment with the value of 36 meV obtained by Azuma
et al.

Data collected on MARI with an incident energy of 20 °
meV are shown in Fig. 4. Once again the dashed line repre- Q&Y
sents the nonmagnetic background signal which is deter-
mined from data collected at high scattering angles. The F|G. 5. Q dependence of the integrated intensity of the 4 meV
broad feature centered at 10 meV shows no dispersion Witheak. The dashed line represents an estimate of the nonmagnetic
the intensity decreasing as expected form the?Corm  background scattering, and the solid line a fit to the data using the
factor. Figure 5 shows the integrated intensity of the sharplimer structure factor.

Integrated intensity (arb. units)
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mation will be best obtained by measuring these low-energyVe anticipate that single crystals of sufficient volume for
excitations in a single crystal where the dimer-chain disperinelastic neutron scattering will soon be available allowing a
sion could be measured directly. Since we have used a polynore thorough investigation of the excitation spectrum of the

crystalline sample for these experiments we are not in a pdadder and of the Cu@chains.

sition to rule out interchain coupling and two-dimensional )
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