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Inelastic neutron scattering experiments have been performed on binuclear Cr~+ clus-
ters and trinuclear Fes+ clusters embedded in molecular complexes. The intensities of
transitions within the exchange-split ground state observed at various transfers exhibit
an oscillatory behavior due to interference effects which are a direct picture of the me-
tal-metal distances in the cluster. From these measurements, precise magnetic-form-
factor data of Cr + and Fe + have been obtained.

Recently inelastic neutron scattering has been
introduced for studying exchange interactions in
isolated clusters of magnetic ions. " In contrast
to the classical methods (measurements of the
bulk properties, magnetic resonance experi-
ments), the neutron scattering technique yields
direct information about the exchange interac-
tions since the energies of transitions between
the exchange-split ground-state levels can be di-
rectly determined. Neutron scattering is also
superior to optical techniques, because optical
spectroscopic data cannot, in most cases, be col-
lected over a wide temperature range because of
broadening and partial quenching of the emission
at higher temperatures; moreover, the wave-
vector dependence of the intensities in the neu-
tron experiment yields direct information about
the form factor of the unpaired electrons and
about the geometrical configuration of the mag-
netic ions in the cluster. The latter gives rise to
a characteristic interference term in the neutron
cross-section formula.

In this Letter, we present the observation of
interference effects in neutron scattering from
polynuclear clusters of transition metals embed-
ded in molecular complexes in which the inter-
acting magnetic ions are effectively in S states,
i.e., the ligand fields are sufficiently strong to
quench the orbital angular momentum. Under
these circumstances the neutron cross-section
formula can easily be derived, ' and no assump-
tions have to be made concerning the wave-vec-
tor dependence of the scattering. Thus the mag-
netic form factor ean be determined directly from
experiment, in contrast to neutron diffraction and
inelastic neutron scattering from spin waves in
magnetically ordered systems in which experi-

ments the evaluation of the form factor is based
on assumptions concerning both the magnetic
structure and the ordered magnetic moment, and
cooperative phenomena often create uncertainties
in the interpretation of spin-wave data. These
disadvantages do not exist in inelastic neutron
scattering experiments performed on magnetic
clusters in which well-defined transitions be-
tween the exchange-split ground-state levels are
observed. As a consequence, rather precise
form factor data can be obtained up to A. 'sin8
=0.4, which is demonstrated in the present work.

Experiments were performed on polycrystal-
line samples of deuterated acid rhodo chromium
chloride, [(NH, ),Cr(OH)Cr(NH, ),]C1, H,O, and
deuterated a-metavoltine, KM[Fe,O(SO4), (H20), ] 2
~ 12H,O, which contain binuclear Cr'+ clusters
and trinuclear Fe' clusters, respectively. De-
tails of the sample preparation are given else-
where. ' ' In these classical inorganic materials,
each cluster is effectively shielded from its
neighbors, and magnetic interactions between
clusters can be neglected. From x-ray work it
is known that the Cr-Cr distance in acid rhodo
chromium chloride is 3.85 A, ' and the Fe'+ ions
in n metavoltine are arranged in an equilateral
triangle with a Fe-Fe distance of 3.33 A. ' In both
complexes, the coupling of the transition-metal
ions is antiferromagnetic and can be well de-
scribed by a Heisenberg Hamiltonian

X =-2JQS; ~ S, .

R commutes with the total spin S =Q,S, of the
cluster. For a Cr" pair we have S, =S,= 2,. thus
3C splits the electronic ground state into four spin
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FIG. l. Energy spectra of neutrons scattered from
deuterated acid rhodo chromium chloride at 4.2 K,
The spectra are transformed to a linear energy scale
and corrected for analyzer and detector sensitivity.

levels with energy eigenvalues

E(S) = -gS(S+ 1) -~4], S= 0, 1, 2, 3. (2)

From luminescence spectroscopy' and inelastic
neutron scattering experiments" on acid rhodo
chromium chloride the exchange parameter was
determined to be J= -1.9 meV. For a Fe" triad
we have S, = S, = S, = 2, thus, for the particular
case of an equilateral triad, K gives rise to eight
spin levels with energy eigenvalues

E(S) = —J[S(S+1) —~M~ ], S= —', —,. . . , —", .
From neutron spectroscopy' on n-metavoltine,
the exchange parameter J=-3.2 meV was ob-
tained.

The present inelastic neutron scattering experi-
ments were carried out on a multiangle-reflect-
ing crystal (MARC) spectrometer at the reactor
Diorit, WGrenlingen, in the neutron energy-loss
configuration. The monochromator energy was
kept fixed at 14.96 meV, and a pyrolytic graphite
filter was used to reduce higher-order contam-
ination. The measurements were performed at
4.2 K.

Typical energy spectra observed for acid rhodo
chromium chloride are shown in Fig. I. There
is a well-resolved inelastic line whose magnetic

FIG. 2. Normalized peak intensities of the transi-
tion from the ground level to the first excited spin lev-
el at 4.2 K. The full lines correspond to the predic-
tions of Eq. (5).

origin has been confirmed in previous experi-
ments" by comparing the variation of the inten-
sities with temperature. The phonon scattering
is weak and does not give rise to a peaked struc-
ture in the energy range of interest: It slightly
raises the background level when the momentum
transfer SQ is increased (see Fig. 1). Thus the
inelastic peak arising at an energy transfer of 3.8
meV can be identified as a magnetic transition
from the ground level (S= 0) to the first excited
spin level (S= 1). In the da.ta analysis, the inelas-
tic line has been approximated by a Gaussian, and
the sum of instrumental background and phonon
contributions has been assumed to be linearly
dependent upon energy transfer. The results of
the least-squares fitting procedure are shown in
Fig. 2. The peak intensities markedly deviate
from the usual form-factor behavior expected for
scattering contributions of magnetic origin. In
particular, the peak intensity rapidly increases
with increasing momentum transfer RQ and has a
maximum at Q= 1 A '. It will be shown tha, t the
oscillatory behavior of the intensities is due to
interference effects which are a direct picture of
the metal-metal distances in the cluster.

The energy spectra obtained for n-metavoltine
have been analyzed in a similar way. The re-
sults are summarized in Fig, 2. The observed
intensities correspond to the transition from the
ground level (S= ~) to the first excited spin level
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(S= 2) at an energy transfer of 9.8 meV. Again the peak intensities do not exhibit the usual form-factor
behavior because of interference effects.

The intensity of a transition S-S' can be calculated from the thermal-neutron cross-section formula
which is given by'

exP — exP( —2&)+'(Q)Q ~ —,QexP[~Q (R; -R~) j g (SM [ S,"jS'M') (S'M'( S. j SM), (4)

where exp(-2W) is the Debye-Wailer factor, ~(Q)
the form factor, R; the position vector of the ith
metal ion in the cluster,

~
SM) and

~
S'M') the

eigenvectors of the Hamiltonia, n (I), and oI, p
=x, y, z. The structure factor of Eq. (4) has to
be averaged in Q space, since the experiments
have been carried out for polycrystalline mater-
ial. By performing the appropriate sum over the
metal ions in the cluster, we obtain

gg I sin R

Here % stands symbolically for the matrix ele-
ments of Eq. (4) which have been evaluated else-
where" by means of tensor operator methods.
The last term in Eq. (5) is the interference term
in which 8 denotes the metal-metal distance with-
in the cluster. For irregular cluster configura-
tions, more complicated interference terms ap-
pear.

There are three Q-dependent terms in Eq. (5).
X-ray data on acid rhodo chromium chloride' and
n-metavoltine' give detailed information on both
the metal-metal distance in the cluster and the
thermal parameters of the metal ions, so that

I I

Fe 3+

! the interference term, as well as the Debye-%al-
ler factor, is known. The latter, however, var-
ies by less than 10@in the range of momentum
transfers RQ covered in the present experiments.
Thus the form factor E(Q) can be directly deter-
mined from the observed peak intensities without
any assumptions, This is demonstrated in Fig. 2

where the full line through the experimental data
corresponds to the best description of Eq. (5)
based on a smoothed form-factor curve.

In Fig. 3 we give the form factors of Cr" and
Fe' as derived from the present experiments.
Our results are in good agreement with the calcu-
lated form factors. ' As far as we are aware, no
experimental form-factor data of Cr" have been
published so far. By means of the present method
the form factor can be determined rather pre-
cisely even at large sin8/X values where the ac-
curacy in neutron diffraction is normally limited
to (30-50)% due to instrumental resolution and
overlap of different elastic lines. These difficul-
ties did not arise in the present experiments as
can be seen from Fig. 1; moreover, the instru-
mental resolution of the MARC spectrometer is
independent of the momentum transfer RQ for
nondisper sive excitations.

As a byproduct of the present experiments we
have been able to determine the exchange splitting
at 4.2 K more accurately than in previous experi-
ments. "' In acid rhodo chromium chloride, the
S= 0 and S= 1 ground-state levels are separated
by 3.822+ 0.012 meV; and in n metavoltine, the
separation between the 8= —,

' and S= —,
' ground-

state levels is 9.84+ 0.09 meV.

I I I
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FIG. 8. Magnetic form factors for Cr + in acid rhodo
chromium chloride and for Fe + in Q. -metavoltine. The
broken lines correspond to the calculated form factors
of Ref. 9.
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Potential differences have been measured between a normal probe and a superconduct-
ing probe attached to a superconductor held in a temperature gradient. These observa-
tions suggest that a thermoelectrically generated quasiparticle current is Qowing in the
superconductor and allow evaluation of the thermal transport coefficient for the quasi-
particles.

The first measurement of a thermoelectric
transport coefficient in a superconductor was re-
ported by Meissner in 1927.' It was found that a
circuit consisting of two metals gave rise to no
thermoelectromotive force when both metals
were Superconducting. This, and many subse-
quent experiments, ' have shown that with the ex-
ception of flux flow' and certain electrostatic
phenomena4 all conventional thermoelectric ef-
fects vanish in the superconducting state. How-
ever, as Ginzburg' first noted, there exists in a
superconductor the possibility of a simultaneous
flow of a normal current of density j„=L r(-V T)
and a supercurrent j,= -j„. This prediction of a
"superconducting fountain effect" was qualitative-
ly verified by Clarke and Freake'; however, they
were unable to obtain quantitative information on
the transport coefficient L~. More recently' cal-
culations based on the two-fluid model have pre-
dicted that this flow of normal current in a super-
conductor gives rise to a nonquantized contribu-
tion to the magnetic flux in a loop made up of two
different superconductors. Experimental data' 'o

indicate the existence of such a magnetic flux
with a value of as much as five orders of magni-
tude" larger than predicted by theory. This dis-
crepancy, coupled with the opportunity to study
quasiparticle transport and relaxation processes
in a nonequilibrium superconductor, prompted us
to make measurements of the pair and quasipar-
ticle electrochemical potentials in a superconduc-
tor held in a temperature gradient. It has been
predicted" that in nonequilibrium situations in
which the electron and hole branches of the quasi-
particle excitation spectrum are unequally -pop-
ulated, the quasiparticles in a superconductor

may be described by a different electrochemical
potential from that which describes the pairs.
This Letter reports our initial results showing
the first experimental evidence for a pair-quasi-
particle electrochemical potential difference in a
superconductor in a temperature gradient.

A normal-metal tunnel junction and supercon-
ducting metal probe were placed in a nonequilib-
rium region of a thin-film superconductor. It has
been shown" that this allows a direct measure-
ment of the quasiparticle and pair electrochemi-
cal potentials to be made. A strip of 99.999%-
purity Sn in the form of a "T" (Fig. 1) of width d- 2 mm, length - 2 cm, and thickness - 2000-4000
0
A was evaporated onto a 1-mm-thick sapphire
substrate and oxidized. A small rectangle (-2.5

Pb

Cu~e f-d~o. lmm
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Y

FIG. 1. Sample configuration. The Sn film is deposit-
ed on a sapphire substrate and oxidized, fo11owed by the
Cu electrode and Pb strip. 0.08-mm-diam Nb wires
connected to a superconducting quantum interference
device voltmeter allow the potential difference between
points X and & to be measured.


