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Spin susceptibility and low-lying excitations in the Haldane-gap compound Y2BaNi05
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Y NMR frequency shifts K and spin-lattice relaxation rates 1/T& have been measured in the chain nickelate
Y2BaNi05. Between 40 and 300 K the anisotropic shift is proportional to the isotropic shift K;„, which is
incompatible with existing theory of the spin susceptibility in Haldane-gap antiferromagnets. In addition,
different energy gaps are obtained from shift and spin-lattice relaxation data: Es(K;„)=80~5 K, whereas

Es(1/Tt) = 122 8 K. This is also unexpected, and indicates that the dynamic susceptibility g(q, c0) is more

strongly gapped for large q than for q = 0.

The theory of the one-dimensional Heisenberg antiferro-
magnet has been developed considerably since the sugges-
tion of Haldane that for integer spin an energy gap Eg exists
between the spin-liquid ground state and spin excitations.
Calculations have been carried out for progressively more
realistic models, including various anisotropic Hamiltonians
and finite length of the spin chain. Experimental tests of
these theories have generally led to satisfactory agreement,
although the number of suitable materials is limited; the most
thoroughly studied is the organometallic compound
Ni(C2HsN2)2NO2C104 (NENP). ' A recent addition to the
list of Haldane-gap antiferromagnets is the chain nickelate
Y2BaNi05, ' which is structurally simpler than NENP and
in addition opens the possibility of controlled hole doping of
the spin-liquid state. Neither of these materials shows any
evidence for magnetic ordering.

This paper reports the use of Y nuclear magnetic reso-
nance (NMR) as a microscopic probe of the Ni + spin
susceptibility and magnetic excitation s in undoped
Y2BaNi05. NMR has three important advantages over the
bulk magnetic susceptibility y&„&k for such a study. First, a
Curie-Weiss term in y&„&k,

' due to a dilute concentration
of defect-related spins, hinders measurement of y, at low
temperatures. For a random distribution of defect spins this

paramagnetism broadens the NMR line but does not contrib-
ute to the NMR shift tensor K. Second, nuclei of nonmag-
netic ions do not couple appreciably to nonspin contributions
to the bulk susceptibility, particularly the Van Vleck orbital
susceptibility, which are anisotropic and confuse determina-
tion of the anisotropy of y, . Third, the anisotropy of K can
be determined in a powder specimen when, as in the
present case, high-quality single crystals are difficult to pre-
pare.

In YzBaNi05 the anisotropic component of K is found to
be proportional to the isotropic or centroid shift K;„
—= 1/3 tr K over nearly a decade of temperature around E
This is in serious disagreement with existing theory of the
susceptibility, ' which predicts considerably more complex
behavior of the anisotropy and which agrees with suscepti-
bility measurements in NENP. ' ' Furthermore, the Van
Vleck contribution is found to be a significant fraction of the
measured low-temperature susceptibility, so that the ground-
state spin susceptibility anisotropy is much smaller than the
theoretical prediction. We also observe an unanticipated dif-
ference between the temperature dependences of the Y
NMR frequency shift and the spin-lattice relaxation rate,
which should both exhibit the same activation energy Eg.
The NMR data clearly differentiate between effects of
Ni + spins in the chains and the defect spins; the anoma-
lous results described above are characteristic of the chains.
One possibility is that the anomalies are related to dimeriza-
tion of the Ni chains by a Peierls-like structural distortion,
but no sign of this has been reported in neutron or x-ray-
diffraction experiments. NMR, which is more sensitive than
diffraction to the local spin susceptibility, does not exhibit
the line splitting expected from a doubling of the unit cell.
We conclude, provisionally at least, that Y2BaNi05 is a
Haldane-gap antiferromagnet which does not entirely behave
according to theory.

Our specimens of undoped Y2BaNi05, which were pre-
viously used in the magnetic neutron scattering measure-
ments of DiTusa et aI. , were prepared by solid state reaction
and powdered. Y2BaNi05 crystallizes in the orthorhombic
Immvs structure, with a single Y site of mm point symme-
try. Values of the average gap Eg=127 K, the intrachain
exchange coupling J=285 K, and the single-ion anisotropy
energy D=46 K have been derived from neutron scattering
measurements. '
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FIG. 2. Y K;„vs susceptibility y„„,corrected for defect-spin
contribution as described in the text, in Y2BaNi05. Straight line:
linear fit. Inset: yb„,„(T) (filled circles), fit from 1.8 to 50 K (curve),
and g „„(T)(open circles).

FIG. 1. (a) Temperature dependence of the Y isotropic shift

K~„(triangles) and axial shift K,„(circles) in Y2BaNi05. Curve: fit
to K;„from 4 to 50 K. (b) K,„(T) vs K;„(T),with temperature an

implicit parameter. Straight line: linear fit from 40 to 300 K.

Y NMR measurements were carried out in an applied
field of 75 kOe. Above -40 K the spectra exhibit a charac-
teristic anisotropic powder-pattern shape from which the
components of K could be determined. An additional broad-
ening, associated with the defect-spin Curie-Weiss contribu-
tion to the susceptibility, increases with decreasing tem-
perature and prevents accurate determination of the
anisotropy below 40 K. Y spectral line-shape analysis' in-
dicates that to within errors the NMR shift tensor K(T) is
axial. Thus K is well characterized experimentally by par-
allel and perpendicular components K~~ and K~ or, equiva-
lently, by K;„=1/3(KII+ 2K' ) and the axial shift K,„—= 1/3(KII —K~). ' This axial symmetry is surprising, since
the Y-site point symmetry is lower than axial.

Values of K;„and K, , obtained from fits to the spectra at
each temperature, are given in Fig. 1(a). Note the absence of
any Curie-Weiss behavior at low temperatures. A good fit
over the temperature range 4—50 K is obtained to the form
K' (T) =Kp+Kiexp( —Eg/T), with Ko= 370~ 10 ppm, K,
=3480~ 350 ppm, and E = 80~ 5 K, shown as the curve in
Fig. 1(a). The most striking feature of the data is the excel-
lent linearity between K (T) and K;„(T) shown in Fig.
1(b). In the following we argue that this linearity indicates
disagreement between the spin susceptibility anisotropy of
Y28aNi05 and theory for a Haldane-gap system.

The powder-average bulk susceptibility yb„&k was mea-
sured at H=2 kOe and fit to the form yb„&k(T)= go+ yiexp( —Eg/T)+ C/(T 0) over the te—mperature
range 1.8—50 K (the values of yo, Es, C, and 8 were most
reliably determined using this range). The fit yields
go=(1.78~0.08) &&10 emu mole, y, =(16~1)X 10
emumole ', E =76~2 K, C=(8.3~0.1)X10 3

emu K mole, and 9= —0.43~0.02 K. The Curie constant
corresponds to a defect-spin concentration c=0.68%%uo assum-
ing defect spin S=1. The corrected chain susceptibility

y„„(T)was then found by subtracting the Curie-Weiss con-
tribution from yb„&k. An activated temperature dependence
with comparable gaps describes both K;„(T) and y„„(T)as
expected.

Figure 2 gives the dependence of K;„(T) on y„„(T).
[The inset shows gb„ik(T), the fit described above, and

y„„(T).] The good linearity indicates that K;„ is indeed
tracking the Ni + spin susceptibility, and that the hyperfine
coupling is temperature independent as expected. From the
slo~e of this plot the isotropic transferred hyperfine field
H;„=Npti(dK;„/dg„„) (Ref. 17) is found to be 9.8~0.4
kOe/pB. We have assumed that g„„ is field independent,
which may not be the case if the Haldane gap changes with
field; ' this could cause the slight curvature visible in Fig. 2.

The NMR shift and susceptibility tensors are related by
the hyperfine coupling tensor A, defined by K(T) =Ay, (T).
Contributions to A arise from the transferred hyperfine inter-
action, which is a property of the electronic structure, and the
dipolar interaction, neither of which is temperature depen-
dent. Although K(T) need not have the same symmetry as

y, (T), the temperature dependence of K should refiect that
of y, . For axial single-ion anisotropy the theoretical axial
susceptibility ' y,"—= 1/3(yll —yi ) changes sign at T,-0.11
and again at Tb-J. These temperatures exhibit only a weak
dependence on D, and between them, i.e., in the range
-30—300 K for Y2BaNi05, the theoretical y,

'" varies from 0
at T=T, , to a maximum of -10% of the orientational av-

erage y',"(T)= (yll+ 2g~) at —Tb/2, and back to 0 at Tb.
This behavior is not reflected in the simple linearity of

Fig. 1(b). Although a low-temperature zero crossing cannot
be ruled out, there is clearly no zero crossing at high
temperatures, where additional broadening becomes small
(-0.2K ) and constant. Furthermore, K;„(T) tracks the in
trinsic susceptibility y„„(T) (Fig. 2), and K,„(T) tracks
K;„(T) [Fig. 1(b)]. This is unambiguous evidence that the
shifts reAect intrinsic behavior.

Crystal symmetry dictates that the principal axes of A and

y, be parallel to crystal axes and therefore parallel to each
other. Then the anisotropy of K can be written in the compo-
nent form
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KY
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—A;„)y,"'+ (A, —2A;„)y,'", 10 =

K,—K;„=(A,—A;„)y,"'+ (A, +A;„)y, ,

where K; and A;, i=x,y, z, are the principal-axis compo-

nents of the corresponding tensors, and A; „=—,
' tr A

=H, ,JN ps . Our data indicate that the anisotropic compo-hf

nent of K(T) is proportional to y,"'(T), which would be con-
sistent with theory if in Eq. (1) the terms in y,

'" were much

larger than the terms in y,'".
Now the coefficients of y,

'" in Eq. (1) are of the order of
the anisotropy ~= max(A, )—min(A;) in A., whereas the co-
efficients of y, are of the order of A;„. Therefore ~
would have to be «A;„ for g,"'(T) to dominate the mea-

sured K,„(T) if, as according to theory, max(y,'")-0.1g,'".
But then K,„would be «K;„, whereas experimentally
K,„=(0.040 ~ 0.006)K;„[Fig.1(b)].This rules out such an
explanation. A similar argument can be made for nonaxial

y, . We conclude that y,
'" is either proportional to y,"' or

much smaller than predicted; in the latter case the shift an-

isotropy would be entirely due to the (small) anisotropy of A.
Future NMR studies of single crystals will determine LA
directly.

The zero-temperature shift Ko consists of a contribution
K,(0) from Ni chains and an isotropic temperature-
independent chemical shift o.. From the empirical systemat-
ics found between o.( Y) and the group electronegativity of
ligands in transition-metal oxides we estimate
o.= 190~90 ppm. Then K,(0)= 180~ 100 ppm, and

g,"'(0)=(1.0~0.5)X10 emu mole ' using the value of
A;„obtained above. We take yo = y,'"(0)+ g +g+„
where y is the powder-averaged orbital Van Vleck suscep-
tibility and yz;, = —1.2X10 emu mole is the core dia-
magnetic susceptibility, ' and obtain y = (2.0~ 0.5)
X 10 emu mole

According to theory ' a finite spin susceptibility at T=0
is due to single-ion anisotropy. But then g will also be
anisotropic. The observed susceptibility anisotropy

hyb„&„(T) in single-crystal NENP (Ref. 3) was found to be in
reasonable agreement with theory, but apparently this com-
parison did not take the Van Vleck anisotropy Ay into
account. We have estimated Ay in NENP from the single™
ion anisotropy D (Refs. 3, 9, and 21) and g-shift tensor, and
obtained b, g =(1.0~0.2) X10 emu mole '. This is a
significant fraction of b, yb„&k(0) =4 X 10 emu mole ' in
NENP. Taking it into account would considerably modify
quantitative agreement with theory. For Y28aNi05 the cal-
culated Ag reproduces a measurement of

blab„&k(0)

(Ref.
11) with a reasonable reduction factor (76%) for the spin-
orbit coupling parameter X, leaving little room for a large
spin susceptibility anisotropy at T=O. This result, if sus-
tained, would constitute a major disagreement with theory.

Above -40 K an exponential spin-lattice relaxation re-
covery function exp( —t/T, ) was observed; the relaxation rate
I/T& between 40 and 300 K is shown in Fig. 3. The relax-
ation rate is due to thermal excitations of the Ni + chains,
and can be written in the form

0 t

0.01
0

I i t 1 & I I i i i I
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FIG. 3. Temperature dependence of Y spin-lattice relaxation
rate 1/T& in Y2BaNi05 above 40 K. Curve: fit described in text.
Inset: temperature dependence of (T,TK;„)

(2)

where y„ is the nuclear gyromagnetic ratio, A(q) is the
wave-vector-dependent hyperfine coupling, and y"(q, cu„) is
the dissipative component of the chain dynamic susceptibil-
ity evaluated at the nuclear Larmor frequency co„. We find

A(q) to be at most weakly q dependent, so that I/T&

samples spin fIuctuations at all q.
The important feature of these data is that (T&T) grows

much more rapidly with temperature than K;„. This is
shown in the inset of Fig. 3, which gives the temperature
dependence of (T&T) '/K;„. This ratio is constant above
-200 K, but decreases markedly below a temperature of
the order of the energy gap. Such behavior unambiguously
demonstrates that the local dissipative susceptibility
Xqg"(q, co„), sampled by (T&T), is more strongly tem-
perature dependent (i.e., exhibits a larger gap) than the uni-
form static susceptibility y'(q=0, co= 0), sampled by K;„.
This seems hard to reconcile with a theory in which activa-
tion over the Haldane gap at q= m./a controls both the uni-
form static susceptibility and the spectrum of low-lying spin
excitations; in such a theory (T&T) /K;„would be inde-
pendent of temperature.

The data were fit to an activated form for (T~T) ', by
analogy with the treatment of K(T) and g(T). This yields

Eg = 122~ 8 K for 30 K& T(300 K (curve in Fig. 3), which
is consistent with the average gap obtained from neutron
scattering. ' It is significantly larger than the value obtained
from the NMR shift, however: again, the gap which charac-
terizes X~y"(q, cu„) is larger than that which characterizes
y'(0, 0). In NENP the gaps from susceptibility data and
from proton 1/T& data are approximately equal (-15 and
-14 K, respectively, the latter after taking field suppression
of the gap into account). Thus YzBaNiO5 behaves differently
from NENP in this respect as well.

The fit is over higher temperatures (T-E ) than desirable
to determine the low-temperature activation energy. Acti-
vated quantities typically "soften" for temperatures near



R9838 SHIMIZU, MACLAUGHLIN, HAMMEL, THOMPSON, AND CHEONG 52

F. , however tsee, e.g. , Fig. 1(a)], so that the true value of
F~ may be underestimated. Fits to an activated form for
I/Tt (Ref. 24) rather than 1/Tt T would also produce a larger
gap value. The discrepancy is even more marked under either
of these scenarios, and in any case the strong temperature
dependence of (T,TK;„) ' (inset of Fig. 3) makes the point
independent of any fit.

In summary, Y NMR measurements in Y2BaNiO& re-
veal features of the spin susceptibility of this Haldane-gap
system and considerable discrepancies with existing theory.
These may possibly be related to gap formation by dimeriza-
tion or some other "non-Haldane" mechanism, but this re-
mains to be demonstrated. The proportionality of the axial
NMR shift K,„(T) to the isotropic shift K;„(T) indicates
that the susceptibility anisotropy Ay predicted by theory and
observed in other systems does not describe YzBaNiO&.
Moreover, the Van Vleck contribution to Ay in NENP and
Y2BaNi05 reduces agreement with theory. The temperature
dependence of (TtT) ' is more rapid than that of K;„, and

the activation energy deduced from the former is correspond-
ingly greater than from the latter, whereas comparable gap
values have been obtained from susceptibility and 1/T, in
NENP. This behavior indicates that the dynamic susceptibil-
ity g(q, ro) exhibits a larger gap near q=7r/a than for

q = 0. Perhaps the fact that the single-ion anisotropy is stag-
gered in NENP but not in Y28aNi05 has something to do
with these differences in behavior. In any event, the NMR
data pose new challenges for the theory of Haldane-gap an-

tiferromagnets.
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