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YzBaNiO, : Contrast with simple expectations
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Spin fluctuations in the Haldane ground state should exhibit a quantum spin gap observable with Ra-
man scattering. The Raman spectra of single-crystalline Y&BaNi05, a linear spin-1 Heisenberg antifer-
romagnet, exhibit broad continuum scattering between -200 and —800 cm, in the energy range ex-

pected for magnetic excitations ( —J=224 cm '). Numerous weak and broad features superimposed on
this continuum scattering possibly result from quantization of the magnon continuum by local molecular
fields from nearby chains. A strong and relatively narrow mode at -680 cm ', near 3J, unrelated to lat-
tice vibrations, may also be of magnetic origin. All of these features are strongly resonant in the red

0
(A,L =6328 A), disappearing for shorter excitation wavelengths. These spectra provide a view of the Hal-
dane spin system excitations complementary to that given by inelastic neutron scattering. Modeling the
excitations with Schwinger bosons or spin waves predicts a highly asymmetric scattering feature with a
sharp onset near 26(-0.8J), gradually diminishing toward higher energies. The observed spectra
disagree with this theoretical expectation, perhaps due to spin-phonon coupling which may provide an
efficient decay channel for the magnon pairs.

I. INTRODUCTIGN

The interactions underlying the Haldane spin system
can be quite succinctly stated in the familiar Heisenberg
model.

H=J$S;.S; .
(ij )

This deceptively simple Hamiltonian has been extensively
studied experimentally and theoretically. ' In the case of
the spin-1 linear Heisenberg chain, Haldane's prediction
of a finite gap above a singlet ground state has been
verified through numerical simulations and experimental
realizations.

Inelastic neutron-scattering experiments on
Ni(C2HsN2)2N02Ci04 (NENP) (Ref. 5) demonstrate the
existence of a gap and of magnonlike excitations which
can be well-represented by the single-mode approxima-
tion (SMA). This inelastic light-scattering experiment
probes transitions between the ground and excited states
in the subspace of eigenfunctions orthogonal to those
probed in the one-magnon neutron scattering. Thus the
spectra presented in this paper provide a view of the
manifold of excited states complementary and orthogonal
to that presented by the inelastic neutron-scattering data.
In principle, the quantum spin gap and the multimagon
continuum, which has not been observed, should appear
in the Raman spectra.

If the excited-state manifold were well-represented by
SMA, our spectra would be described in terms of two-
magnon Raman scattering. In this case the Raman spec-
tra would be derived from the dispersion curve identified
by inelastic neutron scattering. This procedure does not
reproduce the features observed in the Raman scattering
of the Haldane system. The Raman spectra presented
here therefore provide a challenge to schemes which pur-

port to represent the excitations of the Haldane system.
This situation is similar to the case of the planar cu-

prates, where, again, inelastic neutron scattering finds
well-defined spin waves, while the spin-pair scattering
exhibits significant deviations from spin-wave theory pre-
dictions.

II. EXPERIMENTAL DETAILS

The structure of YzBaNiO~, dominated by isolated
chains of compressed Ni06 octahedra, suggests that the

magnetic properties may be well-described by the
theoretical one-dimensional (1D) S= 1 Heisenberg anti-
ferromagnet (AFM). The shortened Ni-0 bond length
along the chains leads to a large superexchange interac-
tion, J-322 K (224 cm '), between nearest-neighbor Ni
spins along the chains. Recent magnetic-susceptibility
data clearly identify Y2BaNi05 as a new Haldane state
compound with a spin gap of —100 K. Deviations from
isotropy lead to a splitting of the excited triplet state, and
the system can be described by a 1D Hamiltonian with
planar anisotropy:

H=JQS;.S;+i+Dan(S )

with D -0.2J. Alternatively, the splitting may arise
from exchange anisotropy (J,AJ, ). In either case, an-
isotropy prevents the scattering Harniltonian, Hz, from
commuting with H, ensuring inelastic scattering.

Single crystals of Y2BaNi05 and Gd28aNi05 grown
out of a BaO-NiO rich Aux, have dimensions up to
5 X 2 XO. 3 rnrn, with the longest dimension along the spin
chains. Residual Aux on the crystal surfaces is removed
with bromine/methanol etch, resulting in highly
rejective faces.

0163-1829/95/51(5)/3021(6)/$06. 00 51 3021 1995 The American Physical Society



3022 P. E. SULEWSKI AND S-W. CHEONG 51

Several lasers are employed to span the region of the
optical gap for resonance conditions. Resonant enhance-
ment of the apparent spin-Auctuation scattering is
achieved in the red, excited with —10 mW of 6328 A
light from a HeNe laser. A Dilor XY spectrometer with
a liquid-nitrogen-cooled Thomsen 1024 X 256 charge-
coupled-device camera records the Raman spectra in
backscattering. Samples mounted with silver paste on a
silicon substrate are cooled between 12 K and room tern-
perature in a Janis SVT cryostat.

III. DATA

The spectra in Fig. 1 show the resonance behaviors of
the Raman modes with excitation energies between 2.0
and 2.8 eV, for the sample temperature at -20 K. The
incident and scattered electric fields are along the Ni-0
chains (a axis). Extraneous peaks due to residual plasma
fluorescence from the laser are marked with asterisks.
The top spectrum is obtained with -5 mW of 4416 A
from a HeCd laser, the next five spectra with -40 mW at
4545, 4579, 4658, 4880, and 5145 A from an Ar+ ion
laser, and the bottom spectrum with —10 mW at 6328 A
from a HeNe. Reducing the laser power to below 3 mW
does not change the spectra.

Although the intensities of the spectra are shown with

arbitrary units, and hence cannot be compared, certain
features are clearly resonant. For example, the overall
broad background which peaks at —500 cm ' appears to
be strongest at 6328 A. Actually, as the laser excitation
frequency increases, the spectral resolution decreases
from 5 to 13 cm ', since the slit width remains 150 pm.
This change in resolution can be seen by noting the width
of the plasma lines. Since a reduction in resolution
enhances broad features, the broad resonance at 6328 A
is even stronger than appears in Fig. 1.

The most intense peak in the 6328 A spectrum at
681 cm ' and its weaker satellite at -705 cm ' shrink
quite dramatically with increasing excitation frequency,
disappearing nearly completely in the 4658 A spectrum.
The mode at 774 cm ' and its satellite at 758 cm ' ex-
hibit the opposite resonance behavior, appearing strong
through the blue and weakening significantly at 5145 A,
nearly disappearing at 6328 A. We have previously
identified the sharp modes at 235 and 541 cm ' as A
phonons, and the weaker mode at 432 cm ' as a "leak"

10of a very intense B3g phonon.
Comparing the spectra of Y2BaNi05 with those of the

isostructural Gd28aNi05, shown in Fig. 2, provides fur-
ther help in identifying the various Raman features. In
GdzBaNi05, the Gd magnetic moment interferes with the
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FIG. 1. Raman spectra of Y2BaNi05 at -20 K for several
incident laser wavelengths with incident and scattered electric
fields along the Ni-O(2) chains. Asterisks mark irrelevant laser
plasma lines.

FIG. 2. Comparison or Raman spectra of Y2BaNiO& at -20
K and Gd2BaNi05 at —120 K with A.L

=6328 A. The
Gd2BaNi05 spectrum remains essentially the same at lower
temperature. Plasma lines from the laser are marked with aster-
isks.



51 RAMAN STUDY OF ONE-DIMENSIONAL SPIN FLUCTUATIONS. . . 3023

development of the Haldane ground state. Instead,
Gd2BaNi05 exhibits a three dimensionally magnetically
ordered ground state. Thus any structure appearing in
the Y2BaNi05 spectra reflecting the Haldane gap should
be absent in the Gd2BaNi05 spectra. Figure 2 shows that
nearly a11 of the features are common to the spectra of
Gd2BaNi05 and Y2BaNi05, albeit at slightly different
frequencies. Table I lists the frequencies of the most
prominent modes for low temperature (R =Y at
-20K, R =Gd at —120 K) and also at room temperature
(not shown in figures}. The sharp A phonons at 174 and
235 cm ' due to vibrations of the Gd and Y, respective-
ly, shift as the square root of the ionic mass. The O(1) re-
lated A phonon at 541 cm ' in Y2BaNi05 shifts to
518 cm in GdzBaNiO„consistent with the slightly
larger bond distances in the latter compound. Between
these A phonons, the broad irregular structure appears
quite similar for the two spectra of Fig. 2. These
numerous small features appear superimposed on a broad
continuum between -200 and —800 cm '. A similar
multitude of features in the Raman spectra of the 1D
Ising-like antiferromagnets CsCoC13 and CsCoBr3 (Ref.
11) is attributed to quantization of the magnon continu-
um by local molecular fields from nearby chains. ' Al-
though this interpretation relies on the Ising-like interac-
tions in CsCoC13 and CsCoBr3, similar narrow structures
are also observed in the 1D AFM CsNiC13, ' which ex-
hibits a more isotropic exchange.

The most intense features in Fig. 2 occur at 681 cm
with a well-resolved satellite at 705 cm ' for Y28aNi05,
and at 645 cm ' with a shoulder at -674 cm ' for
Gd2BaNi05. As mentioned above, these features are
strongly resonantly enhanced in the red. With higher
laser excitation energy these features disappear, while a
strong mode at 774 (741) cm ' with a satellite at 758
(728} cm ' develops for Y28aNiO5 (G128aNi05). At
room temperature all of the modes broaden and soften
slightly ( —1%), by similar amounts for two materials.
The only exception is the 681-cm mode in Y2BaNi05,
which softens by —16 cm ', while the corresponding
mode in GdzBaNi05 softens by only —10 cm '. Some of

these features may be Raman-forbidden infrared (IR)-
active modes made allowed by defects. For example, a
strong IR-active band occurs in Immm Tm2BaNiO5 at
786 cm '. ' Defects along the Ni-O(2) chain break the
inversion symmetry at the Ni and O(2) sites, inducing Ra-
man activity of this mode. For the single crystals, which
are flux grown at high temperatures in Pt crucibles, some
number of Ni ions are replaced by Pt. The polycrystal-
line samples, grown by solid-state diffusion at lower tern-
peratures, have no Pt on the Ni sites. In Raman spectra
of polycrystalline samples of Y2BaNi05 and other iso-
structural materials these intense modes above 600 cm
only appear weakly, if at all. '

Figure 3 shows the Raman spectra for Y2BaNi05 at
-20 K. Again, the asterisks mark the position of plasma
lines from the HeNe laser. The spectra are labeled xx,
for the incident and scattered electric fields along the
chain axis, yy, for the electric fields parallel to each other
and perpendicular to the chain axis, and xy, for one elec-
tric field along the chain axis and one perpendicular to
this axis. The underlying broad structure exhibited by
the xx, and to some extent by the yy, spectrum is reminis-
cent of the broad spin-fluctuation spectrum observed for
La2Cu04 and the other insulating planar cuprates. This
broad continuum scattering exhibits a cutoff at

Y2BaNi05

kL ——6328A

-20K

Ag phonon

TABLE I. Frequencies (in cm ') of some prominent modes
appearing in the spectra of Y2BaNi05 at -20 K and room tem-
perature and Gd2BaNiO& at —120 K and room temperature.
Features for the Gd2BaNi05 remains essentially constant for
temperatures below 120 K.

Origin Y (20 K) Y (300 K) Gd (120 K) Gd (300 K)

Ag phonon
B3g phonon
A~ phonon

Magnetic?

IR?
IR?

235
432
541
622
637
681
705
740
758
774

232
431
539

665

748
761

174
424
518

645
674

728
741
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422
517

635

719
730
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FIG. 3. Raman spectra of Y2BaNi05 at -20 K for three po-
larization combinations: incident and scattered electric fields
along the chain axis (xx), perpendicular to the chain axis (yy),
and crossed with one field along the chain and one perpendicu-
lar (xy).
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IV. DISCUSSION

In general, light can couple to spins through the spin-
orbit interaction, leading to one-magnon scattering, or
through an excited-state exchange interaction, resulting
in spin pair (two-magnon) scattering. ' The effective in-
teraction Hamiltonian for the latter process takes the
form'

H~ = $ (E) C E2)(S; SJ ),
(~j)

(3)

where C is a tensor determined by symmetry considera-
tions. We note that this effective Hamiltonian describing
the Raman scattering does have potentially large uncer-
tainties (e.g., the magnitude of the coupling, large second
neighbor terms, etc.). Since the spin function transforms
like A, the tensor C must be diagonal, coupling the
electric-field components by E

& E2, where o.=x,y, z.
Thus, spin-pair scattering should only be observed for po-
larized scattering (E& ~~E2).

For the isotropic system (D =0), the magnetic Hamil-
tonian [Eq. (2)] commutes with the nearest neighbor
(NN) interaction Hamiltonian (j =i +1). Thus no
scattering results from the NN spin-Hip term for an iso-
tropic system. Next-nearest-neighbor (NNN) scattering,
corresponding to gS; S, +2, is allowed, although no
doubt with a greatly reduced matrix element. For the
case at hand, however, the significant planar anisotropy
allows the NN scattering process.

Spin-wave theory (SWT) attempts to represent the im-
portant lowest-lying excitations by generating states from
the ground state, ~0), through applications of the spin-
wave creation operators a&k and 0.&k. In terms of these
operators, the interaction Hamiltonian, Mz [Eq. (3)],
may be written

-800 cm ' in both xx and yy spectra. From the band-
width of the dispersion, we expect this cutoff to be
-5.4J= 1200 cm ' for two-magnon scattering. Defect-
allowed single-magnon scattering shouM. show a cutoff at
-2.7J=600 cm ', and may provide a plausible explana-
tion for this continuum. Interestingly, the ratio of the
anti-Stokes to Stokes spectra at room temperature for
6328 A excitation closely follows the expected e-h. AT

up to ~co~-700 cm ', indicating that even the back-
ground intensity is true Raman scattering. This result
suggests that all of the intensity in the low-temperature
spectra of Fig. 3 is Raman scattering and not fIuores-
cence. While real, however, some scattering may be
defect-induced and not relevant to the spin-fluctuation
scattering.

If the matrix element does not vary over k, the spectrum
rejects the density of states for creation of a zero
momentum pair of magnons. We obtain a crude approxi-
mation for I(co) by replacing the SWT sk with the disper-
sion curve experimentally obtained for NENP:

ok=5 +c sin k+ 2 cos (k/2), (6)

SWT

with 6=0.4J,c=2.5J, and 3 =2J . The resulting spec-
trum is shown as the solid curve in Fig. 4(a). The diver-
gent peaks at -0.8J (180 cm ') and —3.0J (672 cm ')
result from the fatness of the dispersion curve near the
zone boundary and zone center, respectively. No peak
occurs from the dispersion curve maximum at k=~/2
because of the cos k geometric factor in the matrix ele-
rnent. Since the portion of the dispersion curve for
~q ~

(0.3m lies within the two-magnon continuum, well-
defined magnons are neither expected' nor observed
near the zone center. Thus, only the peak at
-0.8J (180 cm ') should be present. The anisotropy
will split this peak into two peaks separated by -3D, '

since H~ [Eq. (3)] preserves S;„„.
Magnon interactions typically broaden and shift peaks

calculated assuming noninteracting magnons. For
many magnetic systems interaction effects can shift the
peak in the spectrum down by —J. The importance of
magnon interactions is gauged by the parameter
8=1/Sz, where z is the coordination number. For the
S=1 spin chain, 0= —,', which is the same as the value for
the spin- —,

' planar cuprates, where interactions strongly
modify the scattering spectrum. In the classical limit
(S~oo ), interactions can be ignored. Attempts have
been made, with apparent success, to calculate interac-
tion effects with approximate Green-function methods.
Applying this approximation to the spin-1 chain yields

II@=g cos( k )( Q k +Uk )cx t k cx g
2 2

k
(4)

200 400 600 800 1000
From this expression, H~ corresponds to the creation of
a pair of magnons with zero total spin and momentum.
The resulting Raman spectrum for T=0 K is given by

I(co)=g[(kiH~ i0)i 5(co—2sk) .
k

Energy Shift (cm ')

FIG. 4. Theoretical expectation for Raman spectrum of Hal-
dane system, predicted from (a) spin-wave theory (SWT) (solid)
and SWT with interactions (dashed) and (b) Schwinger-boson
mean-field theory.
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the dashed curve in Fig. 4(a). Interactions naturally
reduce the divergences and broaden the spectrum slight-
ly, however, no major shifts in peak position are pro-
duced. Numerical studies of the q =~ magnons find the
magnon-magnon interactions are small and repulsive in
the relevant singlet channel, shifting the peak at -0.8J
toward slightly higher energy is

Another approximation to the spin fluctuation spec-
trum can be obtained from the Schwinger-boson mean-
field theory (SBMFT) of Arovas and Auerbach. ' The
spin operators in Hz are replaced by the Schwinger bo-
son operators so that

(7)

Employing the spinon operators, which by a
Bogoliubov —de Gennes transformation diagonalize the
mean-field Hamiltonian, we calculate the spectrum which
appears in Fig. 4(b). The onset of scattering occurs at
=74 cm ', rejecting the failure of SBMFT to accurately
predict the magnitude of the Haldane gap.

A more legitimate calculation of the spin-fluctuation
scattering can be made using the field-theoretical descrip-
tion of AfBeck and Weston, which agrees very well with
recent numerical calculations by Sorensen and ANeck,
although such a calculation is beyond the scope of this
paper. However, following AfBeck and Weston, we can
treat the elementary excitations of the spin chain in the
so-called free-boson approximation, where the energy-
momentum relation is

ek =+6 +v (k —
m ) (8)

As in the spin-wave case, the spectrum arises from boson
pair creation, and, assuming that the matrix element de-
pends only weakly on momentum, the intensity should be
roughly proportional to the two-boson density of states:

I(co) ~p(co) =+5(co—2e„)

for co~26,
a) —(2h )

0, otherwise . (9)

Thus the spectrum has a threshold at 2A with a square-
root singularity, similar to the previous approximations
shown in Fig. 4.

Comparing Fig. 4 with the data in Fig. 3 shows that
none of the approximation schemes reproduces the ob-
served spectra. Although anisotropy will split the mode
at 2b, the absence of spectral weight or structure in the
spectra near 2h cannot be explained. Rather than peak-
ing near 2h ( —180 cm '), the spectra are relatively fiat
through this region, and instead broadly peak near
—500 cm . An exact diagonalization of a 12-site chain
with D =0.2J gives a set of discrete states for the spec-
trum [Eq. (5)], consistent with the above two models.
However, even with D =0.2J, most of the spectral weight
is at zero frequency, and hence the intensity of the spin-
Nuctuation scattering is expected to be small. This fact

may explain the absence of the expected feature, but does
not clarify the structure that is observed. In addition,
SWT and SBMFT do not represent the midzone excita-
tions very well. Since the spectral weight at higher en-
ergy comes from midzone excitations, the model calcula-
tions are probably unreliable much above the spin gap.

An alternative explanation for the disparity between
the simple theoretical expectation and the observed spec-
trum is spin-phonon coupling. Lattice vibrations cou-
ple to the spin degrees of freedom by modulating the ex-
change energy, J, which depends strongly on the intera-
tomic distances. The effects of such coupling on the
spin-pair scattering have been recently demonstrated
for the antiferromagnet FeBO&. This coupling could pro-
vide a mechanism for broadening the spin-fluctuation
spectrum, as well as a description of the continuum
scattering observed. An analogous situation exists in the
Raman spectra of the planar cuprate superconductors in
the region of the superconducting energy gap. In this
case a clear threshold for scattering is expected, but not
observed, and the coupling of quasiparticles to phonons
has been invoked as an explanation.

Although not predicted by the above models, simple
arguments suggest that a two-magnon Raman mode
should generally occur near (2Sz —1)J. ' This estimate
works quite well for a variety of antiferromagnets, includ-
ing three-dimensional systems [e.g., RbMnF& (S=

—,
' )

(Ref. 32) and KNiF& (S= 1) (Ref. 33)] and two-
dimensional systems [e.g., KzNiF4 (S=1) (Ref. 34) and
I.azCuOz (S=

—,') (Ref. 7)]. In these cases, this two-
magnon mode near (2Sz —1)J arises from the large densi-
ty of states of magnon pairs at the zone boundary, where
2ek =2SzJ [cf. Eq. (5)], shifted down by —J by the previ-
ously mentioned magnon-magnon interactions. For the
spin chain, the contribution to the scattering from the
dispersion curve maximum is suppressed, as discussed
above, yet the simple local arguments leading to the peak
at (2Sz —1)J are not obviously invalidated.

For the S =1 spin chain, with coordination number,
z =2, this mode is at 3J. For a heuristic picture, consider
a 1D spin-1 Ising system in the Neel ground state:

~ ~ ~ ~ ~ ~

The energy of this state is —Jn. Now consider the Ra-
man process which changes the spins of a nearest-
neighbor pair by +1:

The energy of this state is J(N —3), and t—he energy
difference is 3J. For YzBaNi05, 3J=672 cm ', remark-
ably close to the chain-polarized mode observed at
681 cm '. The corresponding mode for GdzBaNi05
occurs at 645 cm '. Unlike the mode at 774 (741) cm
in YzBaNi05 (Gd~BaNi05), there is no IR-active mode
observed between -600 and -750 cm ', ' making it
unlikely that this feature is simply an IR-active mode ap-
pearing in Raman due to disorder. Since the Ni-O(2)
bond distance for R =Gd is 0.70%%uo larger than for R =Y,
the superexchange along this bond should be smaller for
R =Gd, leading to a reduced. value of J, consistent with
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the behavior of this Raman mode. More quantitatively,
among isostructural systems, the exchange parameter, J,
often exhibits a power-law dependence on bond length,
J ~ d ". For the relatively weak superexchange antifer-
romagnets X2MF4 (X=K,Rb, Tl;M=Mn, Co, Ni),
n —12. For the planar cupr ates, which have very
strong superexchange, n-4." Attributing the Raman
mode at 681 (645) cm ' in Y2BaNiOs (GdzBaNiOs) to a
magnetic excitation results in n -8, a reasonable value.
The rather small width (-3%%uo full width at half max-
imum) of these Raman modes would seem opposed to
their interpretation as two-magnon excitations, however.

V. CONCLUSIONS

Inelastic neutron-scattering results suggest that the
AS =1 excitations of the Haldane spin system obey the

single-mode approximation (SMA). b,S=0 spin-pair
modes calculated from the SMA predict a feature at
2b,(-0.8J), which does not correlate with features ob-
served in the Raman spectra of YzBaNi05. The
numerous weak and broad structures experimentally ob-
served are not expected within the SMA, but may reAect
quantization of the expected spin-fluctuation continuum
by local molecular fields. '
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