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Dimerized ground state and magnetic excitations in CaCuGgO ¢4
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The S:% Heisenberg antiferromagnet CaCu@g was studied by inelastic neutron scattering on a powder
sample in the temperature range 5—-300 K. A sharp symmetric magnetic inelastic peak was observed around
hw=6 meV, and itsqg and temperature dependences were investigated. The absolute values of the energy-
integrated magnetic intensity were determined. Despite the fact that from the structural point of view the
material has a distinct one-dimensional arrangement of magnetic sites, the experimental results are surprisingly
well described by an ensemble of weakly interacting antiferromagnetic dimers, which are composed of pairs of
Cu?* ions.

[. INTRODUCTION indeed provide valuable information on the system, proving
the existence of a dimerized state. However, to unambigu-
In recent years much attention has been given to magnetigusly determine which particular pairs of Cu ions actually
systems which, for various reasons, have a ground state wigpntribute to the dimerization process and what the in-
no long-range order in the two-spin correlation function andiradimer spin separation is, one has to exploit space-
an energy gap in the magnetic excitation spectrum. Thesksolving methods, such as neutron scattering.
properties may result from quantum spin fluctuations in low-  This paper deals with an inelastic neutron scattering in-
dimensional structures, as in Haldane-gap integeystems
(Refs. 1,2, and references thepeiAlternatively, the dimer-
ized spin-singlet ground state in spin—Peier7Is materials is sta-
bilized by a modulation of the crystal IaFtlée. Several other CaCuGe.O
systems with a gap and a nonmagnetic ground state, for ex- 300 276
ample, spin “ladders,” have also been studisge, for ex-
ample, Refs. 8-10
Recently Sasaget al!! discovered a singlet ground state
in CaCuGeOg, a material related to spin-Peierls CuGeO
CaCuGeOg has a strongly distorted pyroxene-type struc-
ture, typical of many germanates and silicdfeShe lattice
is monoclinic (space groupP2,/c), the room-temperature

cell constants being=10.198 A b=9.209 A,c=5.213 A,

and 8= 105.73°13 The magnetism of this material is due to
S=1 cu?" ions, which are arranged in zigzag chains along
the ¢ direction. Intrachain Cu-Cu distances are 3.072 A. dc
magnetic susceptibility measurements clearly indicate an ex-
ponential behavior of(T) at T—0 (Fig. 1, inset. Despite

the obvious linear-chain structural arrangement of the mag-
netic ions in the crystal, the magnetization and susceptibility
data are inconsistent with theoretical expectations for a ; :
guasi-one-dimensiondlquasi-1D spin system. The model 5 SR - W
proposed by Sasag al. is based on the idea that particular g
pairs of magnetic ions tend to form weakly interacting anti- 0 — T T T T T 1
ferromagnetid AF) dimers. In fact,x(T) may be well fit by
the susceptibility of noninteracting dimers with a singlet- h o (meV)

triplet energy gapA~68 K=5.9 meV (dotted line in

the inset in Fig. 1 Similar properties have been pre-  FiG. 1. Constanty scan measured in CaCu@®s powder
viously found in organometallic molecular compourids. sample alf=5 K andg=1 A~. The solid line is a Gaussian fit,
CaCuGegOg is the first example of an ionic structure, with and the dashed line represents the experimental resolution function.
densely packed magnetic ions, in which this type of behaviormnset: magnetic susceptibility of CaCug®; (solid line) and that

is observed. Bulk magnetic measurements by Sasa@b  of an isolated antiferromagnetic dim@tashed ling
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vestigation of a CaCuG®¢ powder sample. Our main re- E =147 meV 40-40-80-80
sult is the observation of a well-defined symmetric inelastic 300
. . S CaCuGe,O
magnetic peak at w~6 meV. lts intensity is found to be |
strongly temperature ang dependent. The results confirm g=1A1

the existence of a dimerized ground state and provide an

estimate for the intradimer spin-spin distance. 200

IIl. NEUTRON SCATTERING EXPERIMENTS

100
The preparation of CaCuG®g4 powder samples is de-

scribed in Ref. 11. Only a small amount of materiall.8 g,

was available for the neutron scattering experiments. The
measurements were performed at the High Flux Beam Reac-
tor at Brookhaven National Laboratory. We have first mea-
sured a neutron powder diffraction profile, which was found
to be completely consistent with the crystal structure re-
ported in Ref. 13. The inelastic measurements were per-
formed at the H7 and H8 triple-axis spectrometers, using PG
(pyrolitic graphite (002 reflections for monochromator and
analyzer. Several spectrometer configurations were ex- 0-
ploited. Most of the data were collected using a fixed final
neutron energye;=14.7 meV, a 40-40'-80'-80" collima-
tion, and a PG filter positioned after the sample to eliminate
higher-order beam contamination. This setup yields an en-
ergy resolution of £=0.97 meV atq=1 A~! and
hw=0, as determined from measuring the incoherent scat-
tering from the sample. The use of a configuration with a 0 2 4 6 8 10 12

fixed incident neutron enerdy;=14.7 meV and a PG filter ho (meV)

in front of the sample provided a better signal-to-noise ratio,

but effectively limited the accessible energy-loss range to 8

meV atq=1 A1, the analyzer efficiency being strongly FIG. 2. Temperatuge depen(_jen_ce of the ine_Iastig peak in
reduced at higher-energy transfers. The sample was mount&CuGe0s atq=1 A™%. The solid lines are Gaussian fits to the
in a Displex refrigerator which allowed us to perform the 9a@

measurements over a wide temperature range 5—300 K.

A constante inelastic scan taken gt=1 A~%, T=5 Kis  measured abw=6 meV is presented in the inset in Fig. 4.
shown in Fig. 1. The dotted line represents the energy rescFhe constanE scan shows a broad symmetric maximum at
lution profile calculated forAE=6 meV. A well-defined g~1 A1 and a weaker feature g2 A~l The energy at
symmetricinelastic peak is observed &w=5.9 meV. No  which the inelastic peak is observed in constargeans(6
other features were observed for energy transfers up to 2@eV) is q independent in the range 0.7—-3"A This was

meV. The peak position is practically temperature indepenyerified by performing energy scans &t=10 K and
dent, but the intensity decreases rapidly with increasing temq=0.7, 1, 1.1, 1.5, 2, 2.5, and 3A.

perature(Fig. 2). Above T~100 K the intensity levels off
and the peak is still well observed at 300 K. The background
intensity, measured #&tw=3 meV and 9 meV, remains con-
stant over the entire temperature range 5—300 K. Even at 5 K
the inelastic peak has a finite total energy width of In all of the 1D systems with a spin gap mentioned in the
2I'=2.0 meV full width at half maximuntFWHM), as mea- Introduction, the magnetic excitations have a wide band and
sured using the 4640'-80'-80', E;=14.7 meV setup. Note a strong dispersion along the chain direction. In result the
that this width is larger than the experimental resolutionline shapes in constai and constand| are to a large extent
which atAw=6 meV was calculated to bel[2=1.2 meV  determined by the shape of the dispersion manifold. In par-
FWHM. Only a relatively small broadening is observed atticular, constan& scans performed at exactly the gap energy
higher temperaturegtotal 2I'~2.8 meV at 300 K The  show an abrupt cutoff at smaijl'® Constantg scans through
energy-integrated intensity of the 6 meV peak measured dhe gap show an extended tail on the high-energy 8aft.
q=1 A~!is plotted against temperature in Fig.(8pen This type of behavior is clearly inconsistent with our results
squarey showing a saturation below 10 K. Abo¥e=100 K for CaCuGegOg: No cutoff has been observed at the gap
the curve levels off. Once the temperature dependence of thenergy down tay=0.7 A~ and the line shapes in constant-
peak width was established by performing energy scans a scans are completely symmetric. Although the crystal
several temperatures, the data for Fig. 3 could be collectestructure reveals a distinct 1D arrangement o Cuons,
more rapidly by measuring the peak intensitias 6 me\j there is no strong one-dimensionality in the magnetic excita-
and scaling them to compensate for the changing peak widttions. Rather, as suggested by dc susceptibility
(solid circles. The q dependence of the inelastic intensity measurements, at least empirically, the starting point for

100
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Ill. ANTIFERROMAGNETIC DIMER MODEL
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T(K) FIG. 4. Constang scan measured in CaCug@g; powder
FIG. 3. Temperature dependence of the 6-meV energySample af=5 K andq=2 A~ Inset:q dependence of the in-
integrated(open squargsand peak intensitiegsolid circleg. The  elastic intensity measured Aw=6 meV. The dashed line shows
latter are renormalized to account for the temperature-depende#ft€ background, measuredfab=3 meV. The solid line represents
peak width. The background signal has been subtracted. Inset: gfit with Eq. (6).
schematic representation of the crystal structure of CaG0Gge

— ~+ ’ '~ ’
the interpretation of our experimental data should be a de- S(Q:w)—z PAM QL (@M )YN[QL(@)N)
scription based omoninteractingantiferromagnetic dimers. M

A. Cross section L
Herek andk’ are the incident and scattered neutron wave

The inelastic cross section for isolated AF dimers was,ympers and o= —0.54x 10 12 cm. The sums are taken
: 14 . . : :
obtained by Furrer and @el.* For convenience we briefly e injtial and final stationary states of the scattering system
derive this form here, introducing some new notations and, anq )\’ with energiesE, andE, ., respectivelyp, is the
- g . - 1_ . . . _ . . 1' . A! .
definitions. An isolated system of 8= spins with iSO~ yhermal population factor for the initial state, a84q) is the

tropic AF interactiorH =J$,S, has a nondegenerate ground gperator form for the magnetic structure factor of the indi-
state withS=0, vidual dimer:

O(q) = ig-d)S? —ig-d)sV
|A>=%{|Tl>—|u>}, i Q(a)=f(q)[expiq-d)S?+exq—ig-d)SV], (4
2 where Al is the intradimer spin separation, ah¢h) is the
and a triplet excited state witB=1, atomic magnetic form factor. The subscript in Eq. (3)
indicates a projection onto a plane perpendicular to the scat-
1 tering vector. The evaluation of matrix elements in B).is
S,=0: |B>:E{|H>+|H>}; straightforward and leads to the following form for the

energy-loss part 08(q,w) at T=0:
S,=1: [C)=[11); 2 S(d,w)=Sp_.ct+Sa.p+Sas, )

S,=—-1: [D)=|l1).

The inelastic scattering cross section for unpolarized neu-
trons is given bi?

1 1
SAHC:SAHDZESAHBZES"]Z(Q'CMf(Q)|2-

To obtain the intensity measured in a powder experiment
one has to perform a spherical average of the scattering law
(5) over the relative orientation af andd. This procedure
yields the final expression

d?c K
o gg oy Sae)
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d?o 2k’ ) 1 posed Sasaget al, in which the dimerization occurs be-
m:ro?N“(QH [1— mSW\(qu)}c?(ﬁw—A)- tween 3NN or 4NN Cd" ions from adjacent chains. How-
(6) ever, we point out that@=5.4 A is also close to the 2NN

distance between the Cu sites within the zigzag cherl

In this formulaA =J stands for the singlet-triplet energy A). This ambiguity will be resolved once a single-crystal
gap, andN is the number of dimers in the sample. Note thatsample sufficiently large for inelastic neutron scattering ex-
the cross section is a maximum @t 1.503< 77/(2d). At periments becomes available, thanks to the scalar product in
this wave vector the energy-integrated intensity is somewhdtd. (5), which allows us to determine the orientation of the
larger than that for an ideal paramagriat Zw=0) with  dimers.
2N uncorrelatedS=1/2 spins:

IV. ABSOLUTE INTENSITIES
I max=1.21 para (7) ) ) o _

As described in detail in Ref. 21, energy-integrated mag-
netic intensities measured on powder samples may be put on
an absolute scale by comparing them to intensities of Bragg

At T#0 the energy-loss cross section for a two-level syspowder lines. For an ideal paramagnet these intensities are
tem ilssscaled by the thermal population factor for the groundelated by the following formul&!
state.

B. Temperature dependence

I para M2 Bragg/C’ 9
d’o Ty 1 d?c ) g . .
dQ dE/( )_1+ne7A/kBT dQ dEI\ ) ( ) 1 1 )\ P|F|

€= 0.0485f(q)|? 87 NyV,sind sin(26)’
Heren is the degeneracy of the excited state=3 for an L

AF dimer), andkg is Boltzmann’s constant. The dashed IinesWhereF and P are the st_ructure factor and multlp_llcr[y for
on Fig. 3 show the temperature dependence that followl1® Powder reflectioniNy is the number of magnetic atoms
from this equation for different values of and forA=6 per unit cell,V is the -unlt C?” volume, and!l/ll IS thg effgc-
meV. We see that the curve for=3 (the case of noninter- V& moment of the spin carriers. The Bragg intensifygis
acting dimersfits the data well. This simple model is there- the conventional Z-integrated powder line intensity (2is
fore a good first approximation, although the observed redud@ken in radians multiplied by FWHM energy resolution

tion of intensity at high temperatures is somewhat greate{frmeasu,er by sqanning through the incoherent scatfering
than for ann=3 two-level system, and the=4 andn="5 For an isolated dimer ai<<A at the wave vector where the

curves apparently fit the data better. It is important to notd"€lastic intensity is a maximum, combining Eg) and Eq.

that the value for the singlet-triplet energy gap, obtained by We obtain
Sasagoeet al!! by fitting the noninteracted dimer model to
the magnetic susceptibility data, is in excellent agreement

with that determined by neutron scattering. On the other |, application to CaCuGg the (2 0 0) powder line was
hand, the gap value deduced from high-field measurements jSeq. The measurements were performed using440
some 20%smaller This discrepancy may be explained by gy .8y collimation with A=2.35 A. In our case
allowing for weak interdimer interactions, which affect the F(200=2.51% 1012 cm, 20=27.8°, Ny =4, V=471 A3,

high-field measurements.Interdimer coupling may also ac- P(oony=2, and 2°=1.4 meV, and saC=0.64. Experimen-

count for the presence of a small dispersion in the 6 me\{a"y | 5= 0.00612 counts meV/monitor. Using=2 for
excitation and the consequent finite intrinsic peak width, ob," /& ggobtain the estimate ©9—0.035 counts meV/

served in this work. max

| max=1.2IM?l g4/ C. (10)

monitor.
The actual energy-integrated magnetic intensity for
C. Q dependence CaCuGeOg was measured aff=10 K for q=qo=1

Not only does the isolated-dimer model account surprisA ~*. At this wave vector, assumingi2=5.4 A, the intensity
ingly well for the T dependence of the intensity, but can alsofor the isolated-dimer model is given b, ~0.93 nay.
qualitatively explain the observeql dependence. Since the From this consideration we obtain the valtg¥"=0.030
excitations in this model are dispersionless, the profiles meaounts meV/monitor. This is in good agreement with
sured in constare scans are entirely determined by the | (a9~ g 035 counts meV/monitor. We see that the isolated-
structure factor of an isolated dimer. The solid line in Fig. 4dimer model is consistent with our experiments on
(insey shows a fit of Eq(6) to our data. The only adjustable cacuGgO, in what concerns the absolute intensities as

parameters were the overall scaling factor and the dimer sizge||. This implies that all the C&" ions in the crystal par-
2d. We have utilized the Freman-Watson form factor forcipate in the dimerization process.

Cu?*.1920 Apart from the fact that the measureddepen-
dence seems to fall off more rapidly at largethan the
theoretical curve, the experimental results are qualitatively
reproduced. The fitting procedure yielded=25.4 A. This Our experiments provide an unambiguous proof that the
value roughly coincides with the third-nearest-neighbormagnetic excitations in CaCuG®¢ may be adequately de-
(3NN) Cu-Cu distance in the crystéh.55 A). The measured scribed by a simple model, in which the system is treated as
structure factor is therefore consistent with the models proan array of weakly interacting AF dimers. This type of non-

V. CONCLUDING REMARKS
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magnetic ground state has been observed in an ionic crystalould like to stress that a single-crystal inelastic neutron
with densely packed magnetic iofess opposed to molecular scattering experiment is highly desirable. In addition to the
crystals, in which the dimers are confined in organometallicspin-spin separation® determined in our powder experi-
complexes and are spatially separatéss mentioned above, ments, single-crystal measurements can be used to identify
the surprising fact is that the dimers appear in a material withhe vectord itself and accurately measure the dispersion of
a pronounced 1D arrangement of magnetic ions. It is welihe magnetic excitations. This would immediately resolve
known that a dimerized ground state may occur in AF lineakne ambiguity which exists due to similar 2NN and 3NN

chains with competing interactioffs?’ or even in 3D spin

Cu-Cu distances and greatly improve our understanding of

tems is a continuum with a lower threshold and a pro-
nounced dispersion in the latter, at least in the 1D é4se.

This is inconsistent with the behavior observed

CaCuGgOg. To explain the properties of this compound one
has to look for true, i.e., geometrically distinct, pairs of mag-
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