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Measurements of the magnetic susceptibility (y) of quiuolinium (tetracyanoquiuodimeth-
ane) 2 are reported over the temperature range 0.45 mK& T & 40 mK with use of low-field
ESR. Down to 7 mK, it is found that g o(- T "with & = 0.81 characteristic of a random-
exchange Heisenberg antiferromagnetic chain (REHAC) . At lower temperatures, the sus-
ceptibility peaks, the ESR linewidth greatly increases, and an internal field rapidly builds
up. These changes may be due to either hyperfine or dipolar interactions, signalling a
crossover from one-dimensional REHAC to a three-dimensional behavior possibly a di-
polar spin-glass.

PACS numbers: 75.40.Fa, 75.50.Ee, 76.30.-v, 75.30.Cv

There has been a large amount of recent activi-
ty in the study of materials which are random-
exchange Heisenberg antif erromagnetic chains
(REHAC). An important experimental signature
of a REHAC is a magnetic susceptibility X which
is observed at low temperatures as ' '

y(T) =AT

where T is the temperature, and the amplitude
factor A and exponent + are constants which de-
pend on the material and its preparation. '

In this communication, we report the results
of experiments designed to investigate the ultra-
low-temperature behavior of a REHAC. The
property measured is the low field ESR absorp-
tion of quinolinium (tetracyanoquinodimethane),
[Qn(TCNQ), ] at several frequencies (v) between
11.4 and 24 MHz (4.2 G &H & 8.5 G for free elec-
trons) over a range 0.45mK&T &40 mK. From
this, we obtain accurate knowledge of X and the
ESR line shape for temperatures a factor of 60
lower than previously available.

Our major discoveries in this work are an in-
creasing deviation from Eq. (1) as T is lowered
below about 7 mK, and an internal field and pro-
nounced ESR line broadening which develop be&ow

8 mK, rising to -3 G at 0.5 mK. These results
are the first experimental demonstration of the
low-T crossover away from REHAC behavior.

An ideal REHAC consists of a chain of localized
spins in which nearest neighbors are coupled by a
Heisenberg Hamiltonian of the form Q,J,R; 5, +»
where 4,. is a random variable &0. Both disorder
and one dimensionality (1D) are key elements in
the physics of such systems. All models for the

thermodynamics of a REHAC predict that the sus-
ceptibility should obey Eq. (1). These models in-
clude that of Bulaevskii et al. ,

' the cluster model
of Theodorou and Cohen, ' and the exchange-coup-
led-pair (ECP) model of Clark et al.' Several
renormalization calculations have recently ap-
peared' ' which demonstrate that the singular
character of Eq. (1) is a quasiuniversal behavior
with n -0.8 for a wide class of distributions of A
The origin of randomness in Qn(TCNQ), and the
application of Eq. (1) to a REHAC are discussed
at length elsewhere. ' "

Qn(TCNQ), was chosen for this work because
it is easy to prepare stable, single-phase sam-
ples, and many of its low-temperature magnetic
properties are known. "'" Our sample (provided
by G. Gr'uner) was produced with use of standard
techniques and showed the normal electrical and
magnetic properties associated with Qn(TCNQ), ."""
The Q-meter ESR spectrometer operates at very
low excitation levels and provides a highly accu-
rate (-1%) calibration of the signal. Sweeps from
negative H through zero to positive H were made
with use of a small superconducting magnet. The
direct absorption (signal) was fed to a computer
for recording and analysis. The rf level was low
enough to avoid ESR saturation or heating. The
sample (-5 mg) was immersed in pure 'He cooled
by a nuclear demagnetization cryostat. A Pt
NMR thermometer covered the entire tempera-
ture range and a zero-sound transducer marked
the 'He superfluid transition at 1.15 mK ('He pres-
sure, 0.8 bar). We estimate an uncertainty of
& 3% and a resolution of 0.5% in T. The calibra-
tion of P is better than 0.1%, and the inhomogen-
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FIG. 1. Electron-spin-resonance absorption signals
of Qn(TCNQ)

&
resulting from sweepirg 0 through both

positive and negative fields at 18.3 MHz and several
temperatures. At 39 mK, the peak occurs at the field
for a free electron, v/p, , as indicated by the double
arrow. The shift of the peak towards zero field as
7.' is decreased indicates the buildup of an internal field,
whose relation to the external field for resonance and
v/p~ at 0.8 mK is shown pictorially at the bottom of
the figure.

H;„,= v/y, -Hs, (2)

where y, is the electronic gyromagnetic ratio.
The buildup of IJ;„, is accompanied by an increase
in &&,g,. Both are shown quantitatively in Fig. 2
for 18.3 MHz. There, it is seen that 4H, ~, O(: T '
at the high-T end, and that below -1.5 mK, &H,~,
follows 8;„, closely. Nearly identical behavior
(not shown) is observed at 11.4 and 24 MHz. The
inset of Fig. 2 shows IJ;„,as a function of v at T
=1.5 mK. Since B;„,is independent of v, we con-
clude that the shift is in fact an internal field
and not a g shif t. Another property we have found
is that on the time scale of our experiment (™50

city of H had a negligible effect on our measured
half width at half maximum linewidth ~II,y, .

The ESR absorption at v =18.3 MHz and several
different temperatures is shown in Fig. 1. At
high temperatures a single, narrow, Lorentzian
line corresponding to y, for free electrons is
seen. One unexpected effect is that as T is low-
ered, the field corresponding to the peak of the
resonance line (FI„) shifts to lower values, imply-
ing the buildup of an internal field (H;„,), defined
as
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FIG. 2. ESR linewidth and field shift as a function
of T for Qn(TCNQ)~. The same scale is used for both
quantities. The inset shows that H;« is independent
of v, i.e., that it acts as an internal field and not as
a temperature-dependent g shift.

s), H„„,follows H, as indicated by the symmetry
of the ESR signal about II=0 and lack of hyster-
sis or an anisotropy field of the kind reported by
Monod and Berthier" for field-cooled CuMn.

Throughout the entire field and frequency range
covered by our experiments a good fit to the ab-
sorption is obtained by use of two Lorentzian
lines centered at +Ha(T), with the height and
4JV y/2 as additional adjustable par ameters, even
when there is enough overlap to generate a sub-
stantial absorption signal at B = 0.

Figure 3 shows X(T) at 11.4 and 18.3 MHz ob-
tained by calculating the area under the ESR ab-
sorption curve with use of the parameters which
fit the line shape. The absolute value of y is ob-
tained by joining our relative measurements up
to 40 mK to the absolute ESH measurements of
Sanny" on the same sample from 300 K down to
40 mK. He has also verified that within an experi-
mental uncertainty of + 10%, X(4.2 K) is indepen-
dent of v between 10 and 34 MHz.

Several features are evident in Fig. 3. Above
about 7 mK, It ~ T "with n = 0.81 (this value of a
is the same as that observed on this sample by
Sanny from 40 mK to 10 K). Below 7 mK, there
is a progressively larger deviation below X ~ T
which culminates in a gently rounded peak near 1
mK. This peak shifts from 1.4 mK at 11.4 MHz
to 0.75 mK at 18.3 MHz. In addition, there is a
small inflection which goes from -2.3 mK at 11.4
MHz to - 1.4 mK at 18.3 MHz.
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FIG. 3. Absolute susceptibility as a function of tem-
perature at two frequencies. Note the use of left-right
broken scales; X above 7 mK is independent of v. The
deviation of g from the REHAC behavior g =A T "
observed below 7 mK indicates a crossover to another
behavior, perhaps that of a dipolar spin-glass.

There are several conclusions to be drawn
from these experiments. First, it is demonstra-
ted that the REHAC behavior (i.e. , g =free-elec-
tron value, and X~T ") continues accurately
down to about 7 mK in Qn(TCNQ), . Below 7 mK,
a substantial deviation develops in the form of the
peak in X and the rapM growth of H;pt and +IJyi2.
The peak in X is a new effect, and not simply a
manifestation of thermal saturation. The devia-
tion from yo: T " occurs well above T =kv/k» as
indicated by the arrows on Fig. 3, whereas ther-
mal saturation does not start in a HEHAC until T

kv/k, ."
We interpret these changes below 7 mK as evi-

dence that the physical properties are becoming
dominated by a new set of interactions. Two pos-
sibilities are considered here. Since there are a
number of relevant points which are not yet deter-
mined, our discussion is qualitative and specula-
tive. It is assumed that the spins responsible for
y are on the TCNQ chains, as has been estab-
lished above 30 mK.""

One interaction to consider is the electron-nu-
clear (hyperf inc and dipolar) interaction. From
studies of TCNQ in solution" and (TCNQ), in
the solid state, " it is known that each of the four
protons on a single TCNQ ion generates a mag-
netic field of about 0.8 6 for an electron on the
same molecule. Thus, an electron hyperfine
structure a few gauss wide occurs for a single
molecule. " Since this splitting is 0.5 mK, a sub-
stantial effect on the ESR spectrum at the lowest

T in our experiments would be expected. But ex-
change narrowing of the ESR and electron-spin-
state delocalization, ""both of which are known
to exist in Qn(TCNQ)» complicate the situation
to an extent that is difficult to evaluate at present.
An obvious test for the importance of the electron-
nuclear interaction is to modify it by repeating
our experiments with use of Qn(TCNQ), in which
the protons have been replaced by deuterons. We
are undertaking such a project.

The other interaction is the dipolar interaction
among the electrons. Although the behavior of X

above 30 mK is dominated by 1D exchange, at
lower T the electron-electron dipolar interaction
in 3D should become important in a REHAC for
the following reasons. As can be inferred from
renox;malization-group' ' and other" calculations,
the antiferromagnetic exchange tends to push
spins into a collective singlet ground state. What
is left looks like a random, pseudo-dilute-spin
system becoming more dilute as the temperature
is lowered. Because of the exponential falloff of
the exchange interaction, the dipolar interaction,
which varies as r ', will dominate X if T is low

enough. Furthermore, in a dilute-spin system,
there are many more possibilities for interchain
than intrachain dipolar interactions. Theref ore,
a crossover to 3D behavior is expected. "

We believe there is a serious possibility that
the properties exhibited by Qn(TCNQ), below - 7
mK indicate that it takes on the character of a
3D dipolar spin-glass. It has several character-
istics which are qualitatively similar to those
seen in more conventional spin-glasses. These
include a maximum in X at the spin-glass temper-
ature T„a rounding of the maximum in the pres-
ence of a magnetic field, and the observation of
an internal field and enhanced linewidth in ESR
measurements as T, is approached from above. "

Two features of Fig. 2 should be pointed out be-
cause they serve as an important guide for work
on theoretical models applicable to our experi-
ments. They are the approach of IJ;„, and &H,i,
to about the same value at the lowest T, and the
behavior AIJ, i,~ T ' above 2.5 mK independent of
v. The former suggests that II;„,has a substan-
tial degree of randomness in magnitude or direc-
tion or both. However, the latter feature rules
out a simple model in which a local, random
H;„,(T) is simply added vectorially to H.

An interesting aspect of our measurements is
that there is no evidence of a sharp magnetic
phase transition in Qn(TCNQ), even though at
high T it starts out as a dense magnetic system"
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(1 spin per formula unit). We attribute its ab-
sence as due to the reduction of spin density by
antiferromagnetic interactions and the supres-
sion of long-range coherence by disorder.

We acknowledge helpful discussions on the sub-
ject of spin-glasses with M. Hardiman and B. Or-
bach, and thank G. Gruner for the sample used
in this work. Valuable help with several aspects
of the experiments was rendered by T. J. Barto-
lac, K. Glover, and J. Sanny. This report was
based upon work supported by National Science
Foundation Grants No. DMH-79-00830 and No.
DMR- 77-23577.
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ERRATA

BOSE-EINSTEIN CONDENSATION OF A RELA-
TIVISTIC GAS IN D DIMENSIONS. Half Beck-
mann, Frithjof Karsch, and David E. Miller
[Phys. Rev. Lett. 43, 1277 (1979)].

The line above Eq. (3) should contain dv, (p)
[in place of dv, (0)].

The first terms on the right-hand sides of both
Eqs. (4) and (5) should be preceded by minus
signs.

In Eq. (6), for the modified Bessel function It.„(x)
the integrand should have the term (t' -1)" '~'

[in place of (t'-1)"].

ENHANCED RAMAN SCATTERING BY ADSOR-
BATES INCLUDING THE NONLOCAL RESPONSE
OF THE METAL AND THE EXCITATION OF
NONRADIATIVE MODES. W. H. Weber and G. W.
Ford [Phys. Rev. Lett. 44, 1774 (1980)].

The d'p and d'p' integrations in Eqs. (16) and
(17) should be two dimensional, over the direc-
tions parallel to the surface, and thus should
read d'p and d p'. In Eq. (16) the factor E,*(p')
should be replaced by E,*(p)E,(p'). The integral
in Eq. (19) should be two dimensional, and thus
d'p should read d'p.


