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Low-temperature magnetic measurements of an S= 1 linear-chain Heisenberg antiferromagnet
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The temperature-dependent magnetic susceptibility, y(T), of two pure samples of the S=1 linear-

chain Heisenberg antiferromagnet Ni(C2H8N2)2NO&(C104), commonly known as NENP, has been mea-

sured from approximately 300 K to 300 pK. Our measurements of y(T) are in agreement with existing
results of other researchers who worked above 1.2 K. Below 1.2 K, y(T) increases with decreasing tem-

perature. The results suggest that the low-temperature increase of y(T) is not a consequence of a single

source of paramagnetic impurities in the samples but may arise from S =
2

end-chain interactions.

Low-dimensional magnetic systems have been studied
extensively since the birth of quantum mechanics. '

This field of study received a surprise in 1983 when Hal-
dane suggested that a one-dimensional Heisenberg anti-
ferromagnet (1D HAF) with integer spin possessed an en-

ergy gap between the nonmagnetic ground state and the
first excited one. Furthermore, this Haldane gap was not
present in noninteger spin systems. Haldane's report
motivated a substantial body of theoretical ' and experi-
mental ' work. The theoretical work extended the
study to systems that more closely mimicked the real
world by incorporating magnetic anisotropy and three-
dimensional effects. This latter work indicates that, with
sufficiently small magnetic anisotropy and with the intra-
chain magnetic (or exchange) interactions, J, stronger
than the interchain ones, J', the quantum disordered
ground state should persist to T =0.

To date, experimental work suggests that a number of
S=1, 1D HAF systems possess a Haldane gap, with
CsNiC13 (Ref. 7) and Ni(C2HsN2)NO2(C10&), commonly
known as NENP, ' receiving the most attention.
Whereas CsNiC13, with J'/J=1. 2X10, possesses a
three-dimensional long-range ordering (3D LRO) below
Ttt- 4. 5 K, NENP, —with J'/J=4X10, ' shows no
sign of 3D LRO down to 1.2 K. ' In fact, for NENP,
the 1D quantum fluctuations along the chain (J=48 K)
are sufficiently strong compared to the 3D interactions
(J'=20 mK), the Haldane gap (Es-—13 K), and the
single-ion anisotropy effects (D =10 K) that the system
might remain unordered to T =0.

We have measured the temperature-dependent magnet-
ic susceptibility, y( T), of two pure samples of NENP
from room temperature to below 10 mK. Sample No. 1

was studied from 300 K to 264 pK, while sample No. 2
was investigated from 400 K to 6 mK. There are several
existing measurements of y( T) for T) 1.2 K, '

and our results are in agreement with these reports.
Below 1.2 K, y(T) increases with decreasing temperature.
The results suggest that the low-temperature increase of
g is not a consequence of a single source of paramagnetic
impurities in the samples or the measuring apparatus.
Although the specific origin of the large susceptibility at
low temperatures is difficult to identify from our results,
the observed increase may arise from S =

—,
' end-chain in-

teractions. ' '

Two pure NENP samples were grown according to
the procedures outlined by Meyer et al. ' Sample No. 1

was an orthorhombic single crystal, nominally 0.22X
0.21XO.81 cm, with the b axis (Ni-chain axis) along the
longest direction, and had a mass of approximately 44.15
mg. Sample No. 2 was a quasiorthorhombic-shaped crys-
tal nominally 0.23 X0.22X0.76 cm, slightly polycrystal-
line in the a-c plane with the b axis aligned along the
longest direction, and had a mass of approximately 47.66
mg.

Magnetization measurements were made from 1.8 to
400 K in magnetic fields ranging from 10 mT to 0.5 T,
BIIb. A small background contribution arising from the
sample holder has been measured and subtracted from
the data, Fig. 1. The magnetometer is able to measure
absolute values of y(T). Systematic error in these values
arises from uncertainties associated with the calibration
of the magnetic field and the small background signal.
These errors are estimated to be +5% for the magnetic
field and approximately +1.0 memu/mol for the back-
ground. The error bars shown in Figs. 1 and 2 re6ect
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FIG. 1. The g(T) data for both samples is shown. The inset
shows the high-temperature results obtained from the magne-
tometer measurements. The error bars reflect systematic uncer-
tainties as explained in the text.

FIG. 2. The g(T 2.0E) ~ 30 memu/mol data for both sam-

ples is shown. The inset shows g(T~0. 1E)~30 memu/mol.
Below 80 mK, y(T) for the two samples becomes noticeably
di8'erent. The error bars reflect systematic uncertainties as ex-
plained in the text.

these limits. As described below, the uncertainties are
maintained while normalizing the low-temperature data
to obtain absolute y( T}values.

Low-temperature low-frequency susceptibility studies
were performed from 40 mK to 2.0 K using standard mu-

tual inductance techniques operating at 317 Hz, 8„&10
pT, , and B„lib, in the earth's magnetic field. The mea-

sured y(T) was independent of frequency from 3.17 to
317 Hz at T =48 and 121 mK. The contribution to y( T)
arising from the coil and thermalizing Cu wires, which
were varnished ' to the specimens, was measured after
the samples were removed. This temperature-dependent
background has been subtracted from the data. Absolute
y(T) values were obtained by normalizing the data to the
results of the magnetometer measurements in the over-

lapping temperature region, Figs. 1 and 2.
In a third apparatus, our investigations were per-

formed from approximately 150 mK down to below 10
mK. Susceptibility measurements were performed with
an ac mutual inductance bridge, operating at 16 Hz with
8„-0.2 pT, and B„~~b, using a rf superconducting
quantum interference device (SQUID) as a null detector.
Measurements on sample No. 1 were performed using a
detection coil arrangement described elsewhere. Four
0.76-mm-diam Ag wires were Ag epoxied into a Cu
base that was bolted to the top of a Cu nuclear demagnet-
ization stage. The sample was Ag painted into the re-
gion of the first pick-up coil with the Ag wires extending
through the second, counterwound pick-up coil. An
equal amount of Ag paint was placed in the region of the
second coil. Although the background from the Ag wires
and paint was not measured directly and, hence, was not
subtracted from the data, Figs. 1 and 2, these contribu-
tions, in principle, were compensated by the astatic pick-
up coil arrangement. For measurements up to 165 mK,
the temperature of the detection coil-shield assembly was

kept constant, as the temperature of the sample (plus Ag
wires and paint) was changed. Consequently, any poten-

tial temperature dependence of the background suscepti-
bility arising from the detection assembly did not afFect
the results. Absolute susceptibility values were obtained
by normalizing the data to the aforementioned millike1-
vin results. An independent check of the relative y(T)
values is also possible, since a knowledge of the sample-
coil geometry permits measured mutual inductance
difFerences to be converted to relative susceptibility shifts
b,y( T}. Prior to normalizing the data to define the abso-
lute values, this method of obtaining bg(T} agreed with
the ones obtained from the millikelvin experiment in the
overlapping temperature region.

An interesting observation was made above and below
-4 mK. Above 4 mK, the response of the sample to a
temperature change was rapid, with a characteristic time
constant less than 3 min. Below 4 mK, a distinctive
thermal relaxation appeared, with a time constant es-
timated to be greater than 20 min. Such an abrupt in-

crease in the thermal relaxation of the sample is often an
indication of an increase in the specific heat of the speci-
men. In addition, y(T) appeared to be essentially tem-

perature independent from 1 mK down to 264 pK. Al-

though a temperature-independent signal is indicative of
a decoupling between the thermometer and sample, it
may also reQeet an ordering in the specimen.

For sample No. 2, another pick-up coil assemb1y,
which was essentia11y of the same design as the previous
one, was used. To avoid any possible magnetic signal
arising from Fe impurities in the Ag paint, ' the sam-

ple was varnished ' to the thermally anchoring Ag
wires. With these conditions, sample No. 2 was investi-

gated down to 6 mK. The relative or absolute g(T)
values were cheeked or established in the same manner
described for sample No. 1.

As mentioned earlier, our susceptibility results above
1.2 K, Figs. 1 and 2, are in agreement with the ones re-

ported by previous workers. ' ' ' Following Meyer
et al. ,

' an analytical expression for g(T) of a 1D HAF
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TABLE I. As described in the text, fits to the data over the temperature ranges indicated have provided the values tabulated. The

fits were weighted by experimental uncertainties, Fig. 1 and 2, as discussed in the text. The limits shown for each parameter are the

1' statistical errors derived from the nonlinear least-square fits. The parameters are defined in the text.

Sample
number

J (K)
(T&20 K)

E (K)
(1.7 KIT~5.0 K)

C (10 emu K/mol) e (mK)
(6 mK~ T+1.7 K)

46.2+0.6
47.3+0.4

2. 11+0.01
2.08+0.01

12.4+3.9
10.3+3.2

2.20+0.04
2.21+0.04

—5.8+0.2
—11.9+0.4

with S =1, calculated by high-temperature expansion,
has been used for T & 20 K to obtain the values of J and
g, the Lande factor, listed in Table I. The fits used to
determine the parameters listed in Table I were weighted
by the experimental uncertainties, which re6ect estimates
of systematic errors already discussed. The uncertainties
listed in Table I are the 1' statistical errors derived from
nonlinear least-square fits. As suggested by Renard
et al. , ' we have used the expression g( T}
=g(0)+PexpI Es/kT—I, from 1.7 to 5 K, to provide a
rough estimate of the Haldane gap Eg, Table I. To fit
over this range, data from both the millikelvin and high-
temperature studies were used simultaneously. The re-
suits given in Table I are in excellent agreement with the
values obtained by other workers using a variety of tech-
niques.

The striking aspect of our data is the large susceptibili-
ty increase at the lowest temperatures. One possible
source of such a large increase in y(T) at the lowest tem-
peratures is the presence of paramagnetic impurities. '

Therefore, we have fitted our data from 6 mK to 1.7 K
with the standard expression g( T)=y(0) +CI( T —e),
and the results are given in Table I. A significant result is
that the Curie constants C and Weiss temperatures e are
approximately equal for the two samples. Careful
analysis of the NENP crystals shows that paramagnetic
impurities do not exist in suScient numbers to explain
the observed increase of y(T) at low temperature. It is
important to recall that the low-temperature susceptibili-
ty increase was observed in several dramatically different
mounting arrangements, where background effects were
either nullified, subtracted, or minimized through the use
of pure construction materials. The most likely cause of
the increase is end-chain effects. In any real material, the
magnetic chains will be broken by the presence of impuri-
ties or structural defects. For broken chains, each end
acts as an S =

—,', g =2 spin. ' If our data is interpreted
as arising from independent S =

—,
' spins, then a Curie

constant of 2.2X10 emu K/mol would require an im-
purity concentration of approxim. ately 500 ppm. If strict-
ly associated with end-chain spins, then 500 ppm would
imply, on the average, the presence of NENP chains that
are about 4000 Ni units long. Given the difficulty associ-
ated with growing crystals of this type of material, ' we
consider this number to be quite reasonable. Further in-
sight may be gained through an analysis of e, which is a
rough measure of the strength of the interactions between
the spins responsible for the low-temperature susceptibili-

ty increase. Although e is antiferromagnetic for both
specimens, its absolute value is somewhat larger for sam-
ple No. 2 when compared to sample No. 1 (see Table I}.
This result would be expected if end-chain spins were re-
sponsible for the results, since sample No. 2 is less uni-
form than sample No. 1. In addition, the abrupt appear-
ance of a thermal relaxation in sample No. 1 below 4 mK
is close to its ~e~ =5.8+0.2 mK. Although further ex-
perimental work is needed to clarify the issue, the behav-
ior of dilute, isolated S =

—, entities embedded in a sea of
quantum disordered 1D, S = 1 spins merits further
theoretical attention.

On the other hand, there are other possible explana-
tions which we cannot completely exclude. Firstly, the
Ni outside the linear chains (i.e., in the form of either ex-
cess surface residue, isolated S=1, g=2 spins or Ni +

ions) might generate an increase in the low-temperature
y( T), and approximately 200 ppm of these spins would be
required to explain our observations. If the defects in
the chains are randomly distributed with concentration x,
there will be single isolated Ni + ions with probability
per site proportional to x, but this effect, as constrained
by the size of the Curie constant, should be too small to
explain our results. Finally, the Curie constant might
also be interpreted in terms of the linear-chain Ni spins
participating in some type of 3D LRO; however, an es-
tablished microscopic model is needed before we can con-
sider this mechanism further.

In conclusion, we have observed a strong increase in
the magnetic susceptibility of NENP below 150 mK. The
most likely explanation of the susceptibility increase is re-
lated to S =

—,
' end-chain interactions; however we cannot

completely exclude the possibility that our observations
are a consequence of the summation of several small con-
tributions. Our results indicate that new crystal growth
methods are necessary before making further progress on
the issue of NENP remaining disordered as T~O.
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