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Competition between Ferromagnetism and Superconductivity in HoMo6SS
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Neutron scattering has been used to investigate the development of magnetic order in
the region of the reentrant superconducting transition in HoMo6SB. On cooling, an or-
dered oscillatory magnetic state develops in the superconducting phase, with a wave-
length which increases with the application of a magnetic field. On further cooling the
sample reverts to the normal conducting state as ferromagnetism sets in. No oscillatory
magnetic phase is observed, however, when the superconducting phase is approached
from low temperatures.

PACS numbers: 75.25.+ z, 61.12.Dw, 74.40.8v

The relationship between magnetism and super-
conductivity has received renewed attention since
the discovery of ternary superconducting materi-
als which also achieve long-range magnetic order
at low temperatures. ' For materials which de-
velop antiferromagnetic order' the superconduct-
ing state has been found to be preserved so that
there is true coexistence of long-range magnetic
order and superconductivity. Ferromagnetic
alignment, on the other hand, can be expected to
be strongly opposed by superconductivity. In the
two examples discovered so far, HoMo, S,' and
ErRh484, ' ' the ferromagnetic state destroys the
superconductivity at sufficiently low tempera-
tures. At intermediate temperatures, however,
the competition between these two cooperative
states may give rise to a compromise oscillatory
magnetic behavior, and considerable theoretical
effort has been devoted to elucidating various pos-
sibilities and their origins. ' " It is the purpose
of this Letter to report the direct observation of
an ordered oscillatory magnetic state in HoMo, S,
which coexists with superconductivity.

The measurements were carried out at the
Brookhaven National Laboratory high-flux beam
reactor with use of a triple-axis neutron spec-
trometer, with a 4-g polycrystalline sa,mple
mounted in a He cryostat. Bulk susceptibility
measurements on this same sample yield a super-
conducting transition temperature of 1.82 K, and
a reentrant superconducting transition of T ~

=0.612 K on cooling and Ts =0.668 K on warm-
ing.

Figure 1 shows the observed magnetic scatter-
ing, with background measured at 2.0 K subtract-
ed, as a function of wave vector for several tem-
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FIG. 1. Net scattering intensity, after subtraction of
background at 2.0 K, as a function of wave vector for
various temperatures. The peak at finite wave vector,
which is limited in width by the instrumental resolution,
indicates that an oscillatory magnetic state has developed
on cooling.
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peratures. The incident energy was 3.72 meV,
with 10' full width at half maximum collimation
before and after the sample. The vertical di-
vergence was also restricted in these measure-
ments. At T =0.70 K we begin to detect scatter-
ing which has a peak at a finite wave vector of
lRl = 0.025 A ', which corresponds to a wave-
length in real space of -250 A. The strength of
this scattering increases with decreasing tem-
perature with little change in the wave vector
down to 0.66 K. The observed width of the peak
is limited by the instrumental resolution, which
provides a lower limit to the coherence length of
the oscillation of 1500 A. Since the reentrant su-
perconducting transition temperature for this
sample is 0.612 K on cooling, the sample is most
definitely still superconducting. At lower tem-
peratures additional scattering develops at small-
er wave vectors, and for T &0.64 there is no long-
er a peak in the scattering at a finite wave vector.
This additional small-angle scattering persists to
low temperatures, and is likely due to scattering
from domain walls since the overall intensity is
proportional to the square of the magnetization.
To establish the origin of this low-temperature
scattering higher-resolution measurements cap-
able of probing smaller wave vectors will be
needed.

This peak in the scattering is fundamentally dif-
ferent from that expected for a conventional sec-
ond-order ferromagnetic phase transition, where
the temperature evolution of the critical scatter-
ing as one approaches the ordered state can be
described to a good approximation by a wave vec-
tor dependent susceptibility y(lRl) of the Ornstein-
Zernike form

1
x(IKI) lRl. (Ig ). ~

Here $ is the range in real space of the correla-
tions between spins. Typically $(T) increases as
the transition temperature T is approached from
above and diverges at T . The scattering at fixed
temperature (g fixed) is maximum at lRl =0 and
monotonically falls to zero with increasing lRl.
In addition X(K =0) diverges at T, which is the
characteristic feature of a ferromagnetic transi-
tion. For a coupled ferromagnetic superconduc-
tor, on the other hand, one can argue on rather
general grounds' "that the long-wavelength
(small-lKl) magnetic fluctuations (either static or
dynamic) will be energetically costly for the su-
perconductor. The basic reason for this is that
the most favorable configuration for ferromag-

netism is parallel alignment of the spins. The
associated macroscopic magnetic field, however,
will have an effect similar to an applied field,
which is of course energetically unfavorable for
the superconductor. The system may then com-
promise by forming an oscillation in the magnet-
ization, the criterion being that the wavelength
be as long as possible for the ferromagnetism,
but not long compared to the superconducting pen-
etration depth. This oscillatory tendency will
give rise to a scattering function with a maximum
at some finite wave vector Q„which would corre-
spond to critical fluctuations, or to a long-range-
ordered state with a Bragg peak at Q, as in the
present case.

Figure 2 shows the temperature dependence of
the intensity at a wave vector of 0.027 A ' near
the maximum. With no magnetic field applied,
the oscillatory magnetic state rapidly develops
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FIG. 2. Temperature dependence of the observed
scattering intensity at a wave vector near the maximum.
On cooling, the intensity rapidly rises as the oscil-
latory state develops, then decreases at lower temper-
ature as ferromagnetism sets in. The application of a
magnetic field is seen to suppress the scattering at this
wave vector. On warming, no oscillatory state is ob-
served, and the fieM has little effect on the scattering.
The inset shows the temperature dependence of the
(100) Bragg peak, which under higher resolution shows
a small intensity difference on heating vs cooling |'Ref.
4).
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on cooling and reaches a maximum at T -0.65 K.
The reduction in intensity below T ~

~ is apparent-
ly associated with the reentrance to the normal
conducting state as determined by bulk suscepti-
bility measurements. Warming from low temper-
atures follows quite a different curve. There is
no evidence of the oscillatory state in these warm-
ing data, and in fact we find no peak in the scat-
tering as a function of wave vector at any temper-
ature on warming. We remark that the bulk sus-
ceptibility measurements show the superconduct-
ing transition to have hysteresis, with the mid-
point at T~ ~ =0.668 K on warming as indicated
in Fig. 2. The general temperature behavior of
the magnetic transition is shown in the inset to
Fig. 2. Here the peak intensity of the (100j
Bragg position is plotted versus temperature,
and consists of a temperature-independent nu-
clear contribution and the magnetic contribution.

The application of a magnetic field has a rather
marked effect on the oscillatory state. The scat-
tering intensity at the peak wave vector (Fig. 2)
is suppressed by the field, and above H - 500 Oe
apparently the scattering intensity would follow a
single reversible curve on both heating and cool-
ing. Note that on heating the magnetic field has
no discernible effect. The measured wave-vec-
tor dependence of the scattering at several ap-
plied magnetic fields is shown in Fig. 3. The in-
tensity is seen to shift to smalle~ wave vectors
with increasing field, which implies that the wave-
length of the oscillatory state increases toward
the ferromagnetic limit g —~.

These data clearly demonstrate that the com-
petition between the ferromagnetism and super-
conductivity gives rise to an oscillatory mag-
netization on cooling, with the width of the ob-
served oscillatory peak (Fig. 1) being limited by
the instrumental resolution. We have also been
able to observe the oscillatory nature of the scat-
tering around the (100j powder Bragg peak. In
addition, we have observed a long time constant
to approach equilibrium upon entering or exiting
the oscillatory state on cooling. These data tak-
en together show that the oscillatory state is long
range in character, a possibility which has been
predicted theoretically with use of a Ginzberg-
Landau approach' to this coupled-order-param-
eter problem. Another possibility which has been
suggested is the formation of a spontaneous vor-
tex lattice. """ In this case, however, we
would expect the scattering to shift to larger
wave vector with increasing field rather than to
smaller wave vector as observed.
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FIG. 3. Scattering as a function of wave vector at
several values of the applied magnetic field, showing
that the intensity shifts to smaller wave vectors with
increasing field.

A peak in the small-angle neutron scattering
has also been observed in the reentrant-super-
conductor system ErRh~B4 (Refs. 2 and 7). In
contrast to the HoMo, S„ the intensity of the os-
cillatory peak in the ErHh, B, case was found to
be much weaker than expected for an ordered
state, and it was therefore concluded that the
peak (at 0.06 A ') was most likely due to fluctua-
tion effects resulting from the competition be-
tween the superconductivity and ferromagnetism.
The complication of an additional magnetic com-
ponent to the scattering in the same temperature
region made it difficult to determine the width of
the oscillatory peak, and hence left open the ques-
tion of whether the oscillatory magnetization in
that system is also long range in character.
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The recombination lifetime in phosphorus-doped hydrogenated amorphous silicon is
determined from the dispersive photocurrent decay following a short-pulse excitation.
The electron drift mobility and dispersion parameter c.'are obtained as well. It is
found that o' is temperature dependent as expected for extended-state transport con-
trolled by multiple trapping. A lower limit to the extended-state mobility is determined:
p,~

~ 1 em~/V. s.

PACS numbers: 72.40.+w, 72.80.wg

Transient photocurrent (TP) with a short pulse
excitation is a simple but powerful technique for
separating transport parameters that are lumped
together in ordinary dc measurements. By phos-
phorus doping of hydrogenated amorphous Si
(a-Si:H), we have observed TP decays extending
over several orders of magnitude in time, allow-
ing for a detailed analysis of the form of the de-
cay. We introduce a new and direct measure of
the carrier lifetimes and our results confirm that
the increase in photoconductivity with phosphorus
doping, previously observed, ~' is mainly due to
an increase in recombination lifetime. For z-
type a-Si:H, the dispersive nature' of the trans-
port of the photoexcited carriers (electrons) is
clearly revealed, and we have been able to inves-

tigate its doping and temperature dependence in
detail. We observe for the first time that the dis-
persion is temperature dependent. We take this
as evidence for trap-controlled' ' transport in ex-
tended states and obtain a lower limit to the ex-
tended-state mobility.

The TP decay was studied in a-Si:H films pro-
duced by glow discharge of SiH~ with PH, added
for n-type doping. The contacts were predeposit-
ed sputtered Mo stripes, 1 mm apart. The depo-
sition of the a-Si:H films took place in an induc-
tively excited 0.07-Torr plasma onto 250 C fused-
quartz substrates. The TP was excited by a N, -
laser-pumped dye laser (Bh6G) with peak power,
pulse width, and repetition rate of 1 kW, 3 ns,
and 20 Hz, respectively. The laser (photon ener-
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