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Spin correlations at finite temperature in an S =1 one-dimensional antiferromagnet
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We have measured the temperature dependence of equal-time spin correlations in the quasi-one-dimensional
S=1 antiferromagnet, Ni(C,HgN,),NO,ClO, (NENP), by magnetic neutron scattering. The temperature de-
pendence of the correlation length can be described as exponentially activated with an activation energy similar

to the Haldane gaps in NENP.

Recent theoretical' and experimental work®® has explored
the influence of a 7=0 quantum critical point on the tem-
perature dependence of spin correlations in low-dimensional
antiferromagnets. Most attention has been given to systems
that have either Néel or spin-glass order at T=0 but which
are close to a quantum disordered phase. As an experimental
example of a system that is quantum disordered at 7=0 we
have investigated the finite temperature behavior of spin cor-
relations in the quasi-one-dimensional S=1 antiferromagnet
Ni(C,HgN,),NO,CIO, (NENP). The temperature depen-
dence of instantaneous spin correlations in $=1 chains was
previously studied in RbNiCl; and CsNiCl; by Kakurai
et al.* They found that finite-temperature data extrapolated to
a finite correlation length at 7=0. In both systems, however,
three-dimensional long-range order develops and prevents
studies of one-dimensional spin correlations as 7—0. We
chose to study NENP because this material does not undergo
three-dimensional long-range ordering. We find that the cor-
relation length is exponentially activated, and over a wide
range of temperatures may be described by &(T)=
£(0)[1 —exp(—A/T)] with an activation energy close to the
Haldane gaps in NENP.

The magnetic properties of NENP are described by the
Hamiltonian

H=I> S, 8, .1+D>, (53)% (1
/ s

where 7 is the chain axis, J =44—48 K and D=0.2J.>"7 The
Haldane gap and the absence of conventional long-range or-
der in NENP is apparent in bulk properties such as
susceptibility,>® specific heat,!! and magnetization
measurements.>'>!>  Neutron-scattering  experiments'**>
have shown that the excitation spectrum essentially consists
of transverse and longitudinal long-lived modes with energy

gaps A, =13.8(6) K and Aj=27.9(6) K at wave-vector
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transfer, g=ar. Detailed quantitative agreement has now
been established between various numerical calculations'6~2
based on .7 and measurements of the dynamic spin correla-
tion function S(§,w) at T=0.3 K in NENP."

In this paper we concentrate on the equal-time spin cor-
relation function, S(Q), which is related to the dyamic spin
correlation function through an integration over energy

S(Q)=fwwS(Q,w)dﬁw. 2)

Rather than measuring S(Q,w) and integrating the data nu-
merically, S(Q) can be measured directly in a so-called two-
axis neutron-scattering experiment.?*>  This technique
probes the differential neutron-scattering cross section which
is written below for a uniaxial magnet®

do E;
d_ergf dho\1—ho/E;|5gF(Q,)|?

X[(1+cos’¢,)S, (Q,,w)+sin’¢,5)(Q,,w)].
(3

S,(Q) and §)(Q) refer to spin fluctuations perpendicular and
parallel to the uniaxial axis Z, which is assumed to lie in the
scattering plane. In this expression the magnetic form factor
|F(Q,)I% Q,=k;— ks, and cos¢,=Q,,-Z all vary in the in-
tegration over energy transfer Aiw=E,—E;. In a low-
dimensional system, however, S(Q,w) is independent of the
projection of Q along crystalline directions with no exchange
coupling. If k; is oriented along such a direction and E; far
exceeds the relevant energy scale I' of the magnetic system
being studied, then
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do 5, 2 2 . 2
29 ~rol38F (Qo)|*[(1+cos? ) S, (Qp) +sin’ oS |(Qo) ],
(4)

where Q, is the wave-vector transfer when % w= 0. Measur-
ing S(Q) through do/d() in this way increases the signal
count rate by I'/AE as compared to an inelastic-scattering
experiment performed with energy resolution AE.

The sample was the same as in Ref. 15: five 99%-
deuterated single crystals of NENP with total mass 6.54 g.
These were mutually aligned to within 25’ in the (0k/) zone.
NENP is orthorhombic with lattice parameters a = 15.223 A,
b=10.300 A, and ¢=8.295 A.° The Ni atoms in a chain are
separated by b/2, and so we refer to wave-vector transfer
along the chain as g=Q-(b/2)=km. The experiment was
performed on the BT9 thermal neutron spectrometer at the
National Institute of Standards and Technology. The incident
neutron energy was E; = 13.7 meV leading to an effective
bandwidth for the Zw integration in Eq. (3) covering the
range of energies where S(Q,w) is appreciable in NENP.
Collimations were 40’ and 25’ around the pyrolythic graph-
ite (PG) (002) monochromator, and 25’ after the sample. A
PG filter was used to eliminate higher-order contamination
from the incident beam. In addition the last collimator was
followed by 1 cm of PG oriented to diffract 13.7 meV neu-
trons away from the detector, thus serving as a notch filter
centered at i w=0. The residual transmission of this filter for
elastic scattering was 12.5% and its half width at half maxi-
mum was 0.75 meV. As we are dealing with a spin system in
which S(Q,w) vanishes or is small for |Aw|<1.2 meV, the
notch filter reduces the nonmagnetic background by approxi-
mately an order of magnitude without significantly affecting
the magnetic scattering.

The inset of Fig. 1 shows the trajectory of wave-vector
transfer for elastic scattering that was followed in our mea-
surement of S(Q). g varies from 2.37 to 3.57 along this
path. It was necessary to let k; deviate approximately 8.7°
from perpendicular to the chain axis in order to avoid the
intense parts of ridges of elastic nuclear scattering along
(0,2n+1,1). The resulting variation of ¢ in the % w integra-
tion of Eq. (3), however, remains less than 0.17 for
|iw| <5 meV. The angle ¢, that determines the relative con-
tributions of longitudinal and transverse fluctuations to the
scattering varies from 7° to 45° in the scan. This corre-
sponds to a contribution from S)(g) varying from 1% to 25%
and being 13% for g=3 . The experiment therefore mainly
probes correlations among spin components perpendicular to
the chain axis.

Representative data for S(g) are shown in Fig. 1. The
nonresolution limited peak for g=~3 7 at T=0.3 K indicates
that antiferromagnetic correlations in NENP remain short
ranged down to at least T/J =6.3X 1073, Note that the sharp
peak at g=3.027 arises from temperature-independent
nuclear elastic scattering. Upon heating, S(g) broadens indi-
cating a decrease of the range of spin correlations with tem-
perature.

In a previous experiment'> we showed that S(§,w) for
NENP at T=0.3 K is well described by the single-mode
approximation, i.e.,
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FIG. 1. The differential neutron-scattering cross section of
NENP at four different temperatures and for elastic wave-vector
transfer along the trajectory in reciprocal space shown in the inset.
The peaks are a measure of the one-dimensional equal-time spin
correlation function S(q). The solid lines are fits based on Egs. (4)
and (6) as detailed in the text. The dashed and dotted lines indicate
background contributions from incoherent and coherent nuclear
scattering, respectively. The full width at half maximum of the pro-
jection of the instrumental wave-vector resolution on the chain axis
is shown by a horizontal bar under the bottom data set.

2
S S (@

(I1-cosq)d(w—w(q))  (5)

where (.#)/L is the ground-state energy per spin. For ¢ near
7 the dispersion relation is well approximated by®!*%°

o(q)~AV1+ £*(qg— m)?, and therefore the equal-time cor-

relation function is
2
_ — ()L
$(§)~ ———, (6)
A1+ &(qg—m)

for |g—m|<03. & =85(4) for NENP at T=03 K.
The corresponding real space correlation function is

(SGSY(=1YKy(r/€)/2m where K, is a modified
Bessel function. In the limit |r|—o, (S§S&)e
A/2) (=1 alr|/&) Yexp(—|r|/6).2**  Tsvelik®®  and

Sérensen and Affleck? considered the anisotropic case, and
using parameters relevant for NENP the latter authors found
&, =8.345(8) in excellent agreement with the experimental
result.

The low-temperature data of Fig. 1 are consistent with
this description of the equal-time correlation function. Fitting
the data using Eq. (6) yields a correlation length

f= 8.7(4) at T=0.3 K, as described in greater detail below.
The data do not unambiguously identify the functional form
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FIG. 2. Equal-time correlation length as a function of tempera-
ture. Filled symbols correspond to the correlation function (6); open
symbols correspond to Eq. (7). The solid lines are fits to a phenom-
enological exponentially activated form described in the text. The
dot-dashed line is from a nonlinear o model calculation (Ref. 32).
The dashed line is a quantum numerical transfer matrix result for an
isotropic S =1 chain taken from Ref. 6. The dotted line is the exact
result for a classical, isotropic spin chain (Ref. 27), and the triple
dotted line is a classical transfer matrix calculation with
D/J=0.21 (Ref. 29). In both classical results S* has been substi-
tuted by S(S+1)=2 and all theoretical results except those from
the o model were scaled with an exchange parameter J=47.5 K
[see Eq. (1)].

of S,(gq), however, largely because it is difficult to deter-
mine the nonmagnetic background in this type of experi-
ment. For example, the expression for S(g) in a classical
one-dimensional antiferromagnet

sinh(1/£°)

S(3)=S(S+1
(@)=5(5+ )cosh(1/§c)+cos(c})

(M

fits the data as well as Eq. (6) although with a correlation
length ¢£=4.3(2). The real-space correlation function
corresponding to Eq. (7) is (S§SH=(—1)"S(S
+1)exp(—|r|/€°).?” Evidently our data do not allow us to
separate the algebraic and exponential parts of the real-space
correlation function. Nevertheless, in conjunction with either
functional form our data yield an accurate determination of a
length scale & that characterizes the equal-time spin correla-
tions.

The centerpiece of this experiment is the determination of
the temperature dependence of £&. We extracted &(T) by fit-
ting data sets such as those of Fig. 2 to Eq. (4), substituting
for S(q) either Eq. (6) or (7) convoluted with the Gaussian
resolution function. A sloping background® and a sharp
temperature-independent Gaussian were added to account for
incoherent and coherent nuclear scattering that also contrib-
ute to the count rate.

In order to reduce the information to be extracted from the
data we performed a single global fit in which
(12m) [T .S(q)dg=S(S+1) was a temperature-indepen-
dent parameter as it should be according to the total moment
sum rule. The solid lines in Fig. 1 show that this prescription

yields a satisfactory account of the data in the whole range of
temperatures, which implies that with our experimental con-
figuration, the energy integral in Eq. (4) covers the full range
of energies where S(g,w) is appreciable.

Figure 2 shows the temperature dependence of ¢ and
&2 derived from the global fits. Shown for reference are a
quantum numerical transfer matrix (QNTM) calculation® of
the exponential part of the equal-time correlation function
for the isotropic chain, and the classical results for D/J=0
(Ref. 27) and 0.21.%° As discussed above, the relevant line
shape in the T— 0 regime is Eq. (6), but it is likely that there
is a crossover to pure exponential decay of correlations at
higher temperatures. This would explain why ¢S rather than
gf approaches more closely the reliable theoretical predic-
tions for the high-temperature behavior of £. Given the simi-
larity between the QNTM result and the result for the clas-
sical isotropic magnet, it is surprising that perfect agreement
between calculations for the classical easy-plane magnet and
§f is not obtained in the high-temperature limit. This dis-
crepancy, however, may not be significant since we cannot
rule out the possibility that the limits on the energy integra-
tion in Eq. (3) imposed by our experimental configuration
may lead to a systematic overestimate of £ by ~15% at
high temperatures.

Irrespective of these concerns and of the functional form
chosen to analyze the data, Fig. 2 shows that the character-
istic length scale over which spins are correlated in NENP
decreases precipitously from its low-temperature value in the
range 10 K<7T'<40 K, followed by a more gradual decrease
at higher temperatures. Given the Haldane gap in the low-
temperature excitation spectrum of NENP, it is to be ex-
pected that all thermal properties of the spin chain show
exponentially activated temperature dependence as T—0.
Overall, the data of Fig. 2 closely follow the form
& (T)=¢,(0)[1—exp(—A/T)] over the entire temperature
range accessed, as shown by the solid lines in Fig. 2. Al-
though phenomenological in origin, this form provides a
convenient way of extracting an activation energy from the
data. If we assume a square-root Lorentzian lineshape
throughout [Eq. (6)] we obtain A=19(2) K, whereas
A=27(3) K when fitting to the §f(T) data set. For the low-
temperature limiting behavior, the analysis based on the
square-root Lorentzian lineshape is arguably most relevant,
nevertheless both values for A are close to the Haldane gaps
in NENP.

Other properties of NENP that have been measured as a
function of temperature display exponentially activated be-
havior at low temperatures. Susceptibility data yield activa-
tion energies of 11 and 17 K for fields parallel and perpen-
dicular to the chain direction.® The damping of the =
mode versus temperature is also exponentially activated with
AT=20 K and the temperature dependence of the intensity
of the electron spin resonance line in Cu-doped NENP gives
AFSR=13 K33 A notable exception are specific-heat data,
which have been described in terms of power-law behavior
for T>5 K since they were insensitive to the specific heat of
the spin chain in the low-temperature limit.'*"!

Most theoretical analysis of temperature-dependent prop-
erties of NENP has been based on describing the excited
states as noninteracting bosons.**35 The bosons are related to
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the original spin operators through the large-S mapping upon
which the field theoretic treatment of the S=1 chain is
based. Such analysis can account quantitatively for both the
susceptibility and ESR data. A similar analysis of the tem-
perature dependence of S(gq), however, meets with complete
failure. Populating the excited states actually leads to a
sharpening of S(g) when interactions among bosons are ne-
glected because single magnon states with wave vector in the
vicinity of (2rn+ 1) 7 are occupied preferentially. The reduc-
tion of the correlation length with increasing temperature
must therefore reflect the demise of the spin liquid phase and
its simple excitation spectrum. In order to account for our
data it is therefore necessary to include boson interactions®
or to employ theories which derive the finite 7=0 correla-
tion length of the Haldane chain from first principles.

Recently, Sénéchal®! and Jolicoeur and Golinelli*? have
calculated finite-temperature properties of the isotropic S =1
chain from the quantum nonlinear o model. The latter au-
thors find that for 7/Ay—0 the temperature dependence of
the Haldane gap is given by

A(T)=Ag+\2mA Te 20/, (8)

If we assume that the spin-wave velocity ¢ is a temperature-
independent parameter, then &(7)=c¢/A(T). This form is
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shown as a dash-dotted line in Fig. 2 where we chose
&(T=0)=8.7 and set A(T=0)=13.8 K, the value deter-
mined by neutron spectroscopy. The theory agrees well with
the somewhat limited data that we have at low temperatures.
As anticipated by Jolicoeur and Golinelli,>? however, the o
model cannot account for the properties of the spin chain for
T>A(0) because there short-wavelength modes become im-
portant. To account for the full range of temperatures, it will
be necessary to develop a theory that can describe the cross-
over from quantum to classical behavior, perhaps through a
mean-field analysis of a suitable model of interacting quasi-
particles. An important question, to be addressed by such
theories as well as by refined neutron-scattering experiments
is how the functional form of the equal-time correlation
function evolves with temperature.
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