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since it is obvious (Figs. 1 and 2) that this is not
an ordinary thermally activated process. It
seems possible that the signal is due to dipoles
snapping into or out of alignment as the tempera-
tures in different parts of the crystal pass through
the transition temperature. Thus, the structure
in the data may be attributed to the fact that di-
poles may line up differently in different domains.

We can determine if impurities play a role by
doing the experiment on crystals doped with im-
purities. We are now in the process of growing
the crystals to do this.

In this paper we have reported experiments on
self-polarization in NH, Cl and NH4Br. The effect
is very interesting but we do not have enough ex-

perimental evidence to give an explanation ex-
cept in very tentative terms.

We wish to express our appreciation to Dr. H.
Hobgood and Mr. W. Mealing, who were respon-
sible for the design and construction of the ap-
paratus.
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Isotope-effect measurements on the binary Chevrel superconductor MoeSe8 are report-
ed with either Mo or Se replaced by their isotopes. Within our uncertainty the isotope-
effect exponent of T, ~ M 8 is equal in both cases (P ~,= 0.27 + 0.04, P s, = 0.27 + 0.05).
We concluded that only modes to which the six Mo and the eight Se atoms contribute
about equally are determining T~: These are acoustic translational modes of the Mo6Se8
cluster and its internal optical modes, whereas torsional modes of the cluster must be
of minor importance.

The discovery of superconductivity' in Chevrel-
phase' molybdenum chalcogenides has stimulated
research on these compounds. The extraordin-
arily large upper critical fields, ' and the occur-
rence of short-range' and long-range' magnetic
order are among the prominent features of these
superconductors. To understand their supercon-
ducting behavior, and to see which of the various
phonon modes of these compounds are important
for superconductivity, measurements of the Eli-
ashberg electron-phonon coupling n'E(&) by tun-
neling spectroscopy should be performed. These
experiments are very difficult because of the high
pressure sensitivity of the compounds (using a
point-contact method'), ' and problems in making
coherent and reliable barriers (for sandwich in-
vestigations). We have applied another method
to answer~t least partially questions concern-
ing o."E(~), and the influence of the various modes
by using the superconducting isotope effect.

The quasirigid Mo, Se, clusters are building
blocks for the ternary Chevrel-phase m'olybdenum

selenides and are believed to be essential for
their properties. "This binary system whose
crystal structure is hexagonal-rhombohedral,
space group RS, with one Mo, Se, per unit cell, '
is well suited for measurements of the isotope
effect because both atoms have a substantial num-
ber of stable isotopes. It is possible to vary the
mass of Mo and Se independently by about 8%.
The resulting variation of the transition tempera-
ture, T„ to the superconducting state gives in-
formation which modes of the atoms contribute
most to superconductivity in this system.

The main experimental problem in this inves-
tigation has been the synthesis of compounds with
a reproducible and sharp transition temperature.
Usually the transition width of Chevrel-phase
superconductors and the T, scattering of nomin-
ally identical samples are at least a few tenths
of a degree. '~'

The optimal preparation conditions to obtain
single-phase samples with reproducible and

sharp transitions have been found empirically
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using natural Mo and Se powder as starting ma-
terials. " The understoichiometric initial com-
position Mo, Se, , has been taken because the com-
position Mo,Se, leads to MoSe, contamination of
the binary Chevrel phase. " Following the stan-
dard preparation methods, the powders (100 mg
total) have been thoroughly mixed in an agate
mortar under spectroscopically pure acetone and

5sealed in dried transparent quartz tubes at 10
Torr. For the reaction a long tube furnace stuffed
with high-temperature insulation material on both
ends was used to keep temperature gradients as
small as possible. In each reaction cycle, up to
twelve samples have been heated simultaneously
from 400'C to 1200'C at a rate of 2.4'C/min, re-
acted for 13 h at 1200'C, and quenched in air af-
terwards.

These prereacted identical samples have been
powdered and compressed to pellets (3 mm diam,
2 mm length) at 400 kPa. For annealing, the pel-
lets have been placed again in quartz tubes and
sealed under 10 ' Torr. The samples have then
been heated continuously from room temperature
to 1200'C at a rate of 20'C/min and annealed at
1200'C fro 17 hours. Finally they have been
cooled down slowly inside the furnace. The re-
sulting samples of Mo,Se, „containing natural
Mo and Se, have been used to study the &, scat-
tering of identical pellets from the same produc-
tion cycle. The maximum T, scattering of these
samples is &T, =+ 0.015 K; this value has been
used to calculate the standard deviation for the
isotope-effect exponents (see below). The transi-
tion temperatures of nominally identical samples
produced in separate runs differ by a few hun-
dredths of a degree.

For the preparation of the isotope samples,
following the above mentioned procedure,

94,96,98 OOMO or 76,78,80 82Se have been used 12

order to remove oxygen we have reduced the Mo-
isotope powders simultaneously for 3 h at 900 C
in high-purity hydrogen atmosphere. The ob-
tained powders are of metallic gray 1uster equiv-
alent to Mo powder of 2- p, m grain size.

The lattice parameters of the hexagonal cell
for the nine isotope samples evaluated from x-ray
diffraction diagrams (Cu Kn, k =1.5418 A), are
constant to within + 0.005 A (a = 9.56 A, c = 11.17
A). The samples were single phase except for

Mo,Se, , which contained a barely detectable
amount of an unidentified second phase. Samples
prepared from oxygen-contaminated Mo powder
showed a significally broadened superconducting
transition. No such broadening has been detected
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FIG. 1. Inductively measured superconductive tran-
sitions of (a) Moz Sez. (; and (b) "Mo6Sez. e Th n minal
isotopic masses are m = 82, 80, V8, 76 in (a) and n = 100,
98, 96, 94, 92 in (b), from left to right (Ref. 12).
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for ' Mo, Se, , (see Fig. 1).
The superconducting transitions have been

measured using a mutual-induction technique.
For each cooldown, five isotope samples and a
Pb reference sample were placed in a copper
chamber containing the pickup coils in a circular
a,rrangement inside an a,c field coil (0.2 Oe at
117 Hz). The temperature has been measured
by a calibrated germanium resistor. T, has been
defined as the midpoint of the inductive transi-
tion, and the width &T, is taken between 1(flo and
90% of this transition.

Figure 1 shows the transition curves of the
series Mo "'"' '"Se, , and of '"' '"'"Mo, Se, ,
A very similar dependence of &, on isotopic
mass is clearly visible in both cases. Figure 2
shows plots of log&, versus logM where M is the
Mo or Se mass. The experimental data are fitted
with the relation T,= constM using a least--8

squares-fit procedure. Using the above men-
tioned value for the T, scatter of identical sam-
ples (&T, =+ 0.015 K) to calculate the standard
deviation of P, we obtain for the isotope-effect
exponents

p(M =MM, ) =0.27+0.04,

P (M =M s, ) = 0.27 + 0.05.

The same exponents are found for other defini-
tions Of T~,

Besides the direct change & inT, /& hate of the
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FIG. 2. Logarithmic plot of T~ vs isotopic mass M
of Mo and Se. The lines have slopes of —0.27.

where the n's are electron-phonon coupling con-
stants for the various groups of lattice modes.
Each of the three phonon modes is connected with
an effective mass M, qq(~;), i =1,2, 3; the mass
dependence of the phonon frequencies is then giv-
en by

superconducting transition temperature &, by
the variation of the isotopic mass (via the varia-
tion of the phonon structure by changing the kinet-
ic energy of the ions) there exist indirect contri-
butions from the mass dependence of the unit-cell
volume due to zero-point lattice vibrations, "T,
being volume dependent. The experimentally
found isotope-effect exponent, P,„z, , is therefore

din&, lnT, ~ ln7', dlnV
dlaM 8 lnM ~ ln'V d lmI/t

dlnu; = —2dlnM, &&(&u;).

The frequency change && gives rise to a change
in n'E(~); the resulting &n'E(~) varies T, by

According to this reasoning the contribu-
tion of the direct isotope-effect exponent P„ to
the experimentally observed isotope-effect ex-
ponent p, „~, has been calculated by Rainer" by
solving the linearized Eliashberg equations, and
ls

d lnT, = —f, d(uA((u) n'E((u)d lnM, ff(~),

with

E(&u) = 3F„„,(~) + 3E„(~)+ 36E;„|(~), (3)

Using the pressure dependence of T, and the com-
pressibility, &, the exponent P& can be written as
P„=(8 T, /&P) 0(d ln V/d 1nM )/T, &. Unfor tunately,
d lnV/d 1nllf is not known for Chevrel-phase super-
conductors but from the sign of (&T,/8 P), for
Mo, Se»' we can conclude that P„ is positive.
This could well account for the fact that we ob-
serve PM, +Ps, )0.5.

For a discussion of our results we use the
molecular crystal model proposed by Bader
e& al."which allows the separation of the 42
phonon modes per unit cell of Mo,Se, into three
groups: three acoustic translational plus three
torsional modes of the Mo, Se, cluster (external
modes), and its 36 internal modes. With use of
this simplified model for the phonon density of
states,

d co 5T,
de 2T, 5a'i'(iu))'

where 5T, /5 n'F(~) is the functional derivative
introduced by Bergmann and Rainer. " The weight-
ing function A(&u) shows how much a phonon mode
of frequency & contributes to the isotope effect;
it puts maximum weight to phonons in the range
of 2mkT, . To distinguish between the Mo and Se
isotope effects we need the coefficients cM, and
cs„defined by d 1mB',ff cM d lnMM, +cs,d lnMs, .
These coefficients describe how much the six Mo
or the eight Se atoms contribute to a particular
mode. They can be calculated from the effective
masses for the three modes, and are given with
those masses in Table I.

Assuming discrete phonon frequencies for the
various modes as an approximation, the above
expression equation (5) simplifies to

dlnT, =—
~=i mal S ~10rs.~a~

A(~) n'(cu)E(&u)[cM, (&u)d lnMM, + cs, (&u)d lnlVl s,].

For the calculation of numerical values of the coefficients c~, and cs„mean masses of the Mo and Se
isotopes (1P~, =95.91, Ms, =78.92) of our samples have been used. Neglect of slight cluster distor-
tions and of changes of the cluster mass due to the understoichiometirc composition Mo,Se7 6 is justi-

1106



VOLUME 40, NUMBER 16 PHYSICAL REVIEW LETTERS 1? APRIL 1978

TABLE I. The coefficient cMp and cs~ as calculated from the effective masses Mcf f
for the three phonon modes.

Mo6Se8 cluster
translation mode

Libration around
a symmetry axis
of the idealized
Mo6Se8 cluster

Typical internal
optical mode

SM. (&~

c (m)

Mo+ SMse

= 0.52

6MMO

6MMO+ 8Ms~
SMs~

6MMp+ SMs~

a (MMo+ 4Mse)

Mo 0 23
Mego+ 4Msc

4M
M~0+ 4Ms~

M~0 Ms~
Mvo ™se

=0 45
MM ™se

= 0.55
MMQ ™se

'Cluster distortions have been neglected; the eight Se atoms form a cube of length a.

fied in this crude model, and the idealized coeffi-
cients may well be used for further argumenta-
tion.

Within the molecular crystal model, Bader
e~ al."except the magnitude of &, to be governed
largely by the coupling strength of the conduction
electrons to the external (translational and tor-
sional) phonon modes, which lie near the fre-
quency range known to optimize T,." They sug-
gest that torsional modes involving relative dis-
placements of the Mo, octahedra will be particu-
larly important in determining the magnitude of
T,. As can be seen from Table I, the torsional
modes have the tendency to increase Ps, at the
expense of PM, . If only torsional modes had a
nonzero coupling &' to the conduction-electron
system, the ratio of the isotope-effect exponents
P s, /PM, should be 3.3. Equal nonzero coupling
for translational and torsional modes gives a
ratio of -1.6. These values contradict the ex-
perimentally found ratio of 1.0. Therefore an
equal coupling of translational and torsional modes
when they are largely governing T', can be ex-
cluded; torsional modes do not contribute sub-
stantially to P and T,. For translational or inter-
nal modes Ps, /PM, are 1.1 or 1~ 2, respectively
—both close to the measured value. Unfortunate-

ly, we are therefore unable to tell whether the
translational modes or the internal modes of the
cluster are of more importance in determining
T, and p. Furthermore, it is too crude an ap-
proximation to take only one effective mass for
the 36 internal modes; so more detailed calcula-
tions are necessary to answer the latter question.

We are very grateful to Dr. D. Bainer for many
discussions and calculations related to this work
and we thank Professor H. Kirchmayr for his in-
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We present the first theoretical results on the anomalous field dependence of the Neel
temperature for a system of loosely coupled classical Heisenberg chains with orthorhom- i

bic anisotropy for different directions of the applied magnetic field. The results compare
favorably with the experimental phase diagrams of a series of selected S =

&
compounds

with varying degrees of one dimensionality and anisotropy.

The ordering temperature &N(H) of a pseudo
one -dimensional Heisenberg antiferromagnet may
increase drastically when an external magnetic
field is applied. This initially surprising effect
has been documented recently by a number of ex-
perimental results. ' ' It seems that the theoreti-
cal approach suggested by Villain and Loveluck, '
which is based on the behavior of the correlation
length within the individual chains in the classical
spin model, ' "gives at least the right order of
magnitude. However, as we will show, the dras-
tic influence of some anisotropy resulting in es-
sentially different phase boundaries with the field
applied along different directions (including the
introduction of a, spin-flop pha. se) ca.nnot be re-
produced by this isotropic theory. Therefore a,

conclusion about the validity of the description of
this effect is precluded so far.

In this Letter we will present the first results
of a transfer-matrix approach for the classical
Heisenberg chain with small orthorhombic an-
isotropy. We will show that this approach is cap-
able of reproducing the field dependence of the
Noel temperature in a series of real pseudo one-
dimensional Heisenberg S = 2 systems with the
field along each of the three principal axes.

In Figs. 1-3 our data on the phase diagrams
are presented for a selected, representative
series of pseudo one-dimensional systems. Some
characteristic parameter values of this series
are tabulated in Table I. The data were obtained
from a continuous heating method, thus identify-
ing the transitions by the maxima in the specific
heat. From inspection of these results it is ob-
vious that in a general sense the rise in TN(H)

J/4 = -0.70K——isotroprc theory

anisotroprc theory
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FIG. 1. Experimental phase diagram of (NC5H6)
MnC13 H20 (PIC), together with the theoretical pre-
dictions. Data for the hard axis are not shown since
they reveal a more complicated phase diagram which
is most likely due to a sma11 canting of the magnetic
moments.

strongly depends on the degree of one dimension-
ality, characterized by the entities in Table I.
This indicates that basically the understanding of
this anomalous behavior must be sought in the
properties of the individual chains. Therefore,
we will treat the system as consisting of loosely
coupled chains.

For such a system TN is implicity given in the
mean-field approach by'

2zJ''y(T~(H), H) = 1,
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