are clearly displaced from each other by several arcseconds along the
slit. This displacement is seen both at the jet source and at the
positions on either side. In terms of the model sketched in Fig. 2a,
the reversed blue and red shifts would be due to a reversal of the jet’s
east—west orientation with respect to the line of sight and the
displacement along the slit corresponds to a marked tilt of the
projected jet axis with respect to the north-south direction. Again
the blue stream, indicating material flowing out of the solar surface,
extends to almost 3.3 arcsec away from the source whereas the red
stream, although brighter, is only seen 1.1 arcsec from the centre.

The observation that explosive events are bi-directional jets
provides new evidence that they result from magnetic reconnection
above the solar surface. From simultaneous magnetic field and
ultraviolet measurements Dere et al.'® note that explosive events are
often found on the chromospheric network boundary and seem to
be associated with the cancellation of photospheric magnetic fields.
The network consists of curtains of very strong magnetic flux tubes.
All flux tubes are anchored by their footpoints to the photosphere.
The continual motions in the photosphere mean that field lines of
opposite polarity are naturally drawn together. If flux tubes with
opposite-polarity field lines are pushed together a current sheet
forms. In a finite-resistivity plasma, a small region near the neutral
line may collapse and create a thin reconnection region. From this
region, plasma is ejected in both directions along the field lines with
a velocity of the order of the Alfvén speed'""* (Fig. 2b). If there is an
obstacle blocking one side, the situation is not as idealized in Fig. 2,
and the flow may be uni-directional. For example, jets directed out
of the Sun may stream freely up to coronal heights whereas the
downward flow could quickly be slowed down by the increasing
density of the chromosphere. This would in a simple manner
explain the larger spatial extent of the blue-shifted wing in our
observations.

The observations presented here seem to establish the association
between bi-directional jets and reconnection. Since the launch of
SUMER, a vast collection of data on explosive events has been
accumulated. We expect that similar bi-directional jets are to be seen
at and above active regions wherever reconnection occurs. The
present and future observations of this kind will lead to a better
understanding of how the Sun’s magnetic energy feeds its hot
corona and the solar wind. U
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Manganese oxides of the general formula A, ,B,MnO; (where A
and B are trivalent and divalent cations, respectively) have
recently attracted considerable attention by virtue of their
unusual magnetic and electronic properties'~. For example, in
some of these materials magnetic fields can drive insulator-to-
metal transitions where both the conductivity and magnetization
change dramatically—an effect termed ‘colossal magneto-
resistance’' ’—raising hopes for application of these materials
in the magnetic recording industry'~. Here we show that in one
such compound, Pr, ;Ca, ;MnQO;, a transition from the insulating
antiferromagnetic state to the metallic ferromagnetic state can be
driven by illumination with X-rays at low temperatures (<40 K).
This transition is accompanied by significant changes in the lattice
structure, and can be reversed by thermal cycling. This effect,
undoubtedly a manifestation of the strong electron-lattice inter-
actions believed to be responsible for the magnetoresistive
properties of these materials®~®, provides insights into the physical
mechanisms of persistent photoconductivity, and may also find
applications in X-ray detection and X-ray lithographic patterning
of ferromagnetic nanostructures.

The x = 0 and x = 1 end-members of the Pr,_,Ca,MnOj; family
are insulating antiferromagnets with the manganese ion in the Mn**
and Mn*" valence states, respectively'. For intermediate x, the
average Mn valence is non-integer and the material is generally
semiconducting or metallic at high temperatures. At low tempera-
tures, the charge carriers localize in a variety of structural and
magnetic ordering patterns with mixed valences of the manganese
ions'. The charge ordering is associated with lattice distortions
which can be revealed by X-ray and neutron diffraction. In
Pr,;CaysMnOj; this metal—insulator transition occurs at tempera-
ture T =~ 200K (ref. 3), and the low-temperature charge-ordering
pattern*'’ is sketched in the inset of Fig. 1. Note that this pattern
(doubling of the unit cell in one lattice direction) is commensurate
with the underlying nearly-cubic lattice despite the incommensu-
rate average Mn valence. The low-temperature magnetic structure is
antiferromagnetic with a weak uncompensated moment due to spin
canting®. The material can be driven back into the metallic state by
applying a critical magnetic field H; H =~4T at low
temperatures™. The metallic state is ferromagnetic due to double
exchange®. This field-induced transition is associated with large
hysteresis; the material in fact remains metallic after the field is
reduced to zero, but reverts to the charge-ordered state on subse-
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quent heating above 60 K. Similar metastability phenomena have
also been observed in other manganites’.

The intensity of a Bragg reflection characteristic of the low-
temperature charge-ordered structure, (4, 1.5, 0), was monitored
by neutron diffraction from a single-crystal sample and is shown in
Fig. 1 as a function of temperature. (The reflections are indexed on
an orthorhombic, though nearly cubic, lattice with lattice constants
a=>5426A, b=5478A and ¢/\/2 = 5.430 A; ref. 10.) The tem-
perature dependence of the intensity at this position, where mag-
netic scattering contributes only very weakly, differs somewhat from
that measured previously with neutrons® at the (2, 1.5, 0) position
where nuclear and magnetic reflections are superposed. The inten-
sity of the equivalent (2, 1.5, 0) reflection of the same sample was
also measured by X-ray diffraction (which is only sensitive to the
lattice structure and not to the magnetic moments). Whereas the
high-temperature (T = 40K) portion of the curve of Fig. 1 was
reproduced with X-rays, a surprising effect occurred at lower
temperatures. Figure 2 shows that the intensity of the reflection
decreases continuously with X-ray illumination; no change is
observed when the X-ray beam is switched off. The diminution of
the charge order is associated with a dramatic change in transport
properties. The conductance measured between two contacts
spaced ~1 mm apart on a polished surface of the sample increases
by more than six orders of magnitude after ~20 min of total X-ray
exposure (Fig. 2). With the X-ray beam off, the conductivity persists
for many hours without measurable degradation.

Although the metallic state generated after prolonged X-ray
exposure exhibits conventional ohmic conductivity (Fig. 3b), Fig.
3a shows that the current—voltage characteristics after short expo-
sure are remarkably nonlinear. (We have therefore quoted conduc-
tance rather than conductivity in Fig. 2). The non-ohmic
conductivity in this regime is a consequence of a much more general
current switching behaviour which will be discussed separately. We
obtain p = 5 X 10~ * @ cm for the ohmic resistivity after prolonged
X-ray exposure, using the calculated X-ray penetration depth of
1.5 um as the depth of the conducting channel between the con-
tacts. This is (to within the errors) identical to the resistivity
measured without X-rays above the critical magnetic field’, suggest-
ing that the photoinduced and field-induced metallic phases are
identical.

700
600 -
)
Q s} 3 §§§§ g
;| 8089
o
@ 400 b
C
3
o 300 B
2
2 200 - .
9 O Heating
C
~ 100 | @ Cooling _
0
0 50 300

Figure 1 Intensity of a (4, 1.5, 0) superlattice reflection characteristic of the low-
temperature charge ordered state of Pry;CagsMnO; measured by neutron
diffraction on a single-crystal sample. The crystal was grown by the floating
zone technique, details of which are givenin ref. 3. The measurements were taken
on the H7 spectrometer at the High Flux Beam Reactor, Brookhaven National
Laboratory, with 14.7-meV neutrons. The filled (open) symbols represent data
taken on cooling (heating). The inset shows a two-dimensional section of the
charge-ordering pattern with the primary lattice distortion.
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Further strong evidence for this assertion comes from a compar-
ison of the metastability boundaries of these two metallic states.
Figure 4 shows that the X-ray-induced conductivity is annealed out
on heating above 60 K, which is the annealing temperature for the
magnetic-field-induced phase’. Figure 2 also shows phase coexis-
tence of the insulating (charge-ordered) and metallic states for short
exposures which may indicate that the photoinduced transition is
first order, as is the field-induced transition’. We have also repeated
our X-ray measurements in magnetic fields up to H, and find that
the photoinduced transition occurs faster under these conditions.
Though the magnetization was not measured directly, the close
analogy to the magnetic-field-induced transition implies that the
magnetic properties of the sample change dramatically with illu-
mination, from canted antiferromagnetic to ferromagnetic. To our
knowledge, a photoinduced antiferromagnetic-to-ferromagnetic
transition has thus far not been observed.

We have considered several possible mechanisms for the observed
photoinduced transition. First, photoinduced oxygen diffusion has
been implicated in photoconductivity in some layered and amor-
phous oxides with very large oxygen mobilities'"', but cannot play a
role in this cubic material. An oxygen-diffusion mechanism is also
ruled out by the above comparison of photoinduced and magnetic-
field-induced transitions. Further, beam heating cannot be respon-
sible because the conductivity and the Bragg peak intensity do not
recover when the beam is switched off. We thus conclude that the
increased conductivity is caused by X-ray photoelectrons and
secondary electrons generated in collisions.

Significant transient X-ray photocurrents have been observed in a
variety of materials such as amorphous Se (ref. 13), but to our
knowledge persistent X-ray photoconductivity has not yet been
reported. To explain why the X-ray-generated carriers are not
recaptured when the beam is switched off, it helps to recall
models for persistent (visible-light) photoconductivity in III-V
semiconductors in the presence of DX centres'*'. These centres are
thought to be associated with large lattice distortions which can be
thermally excited at high temperatures, resulting in trapping of
charge carriers. When carriers are photoexcited out of the traps at
low temperatures, however, the lattice relaxes and the capture cross-
section (mediated only by zero-point fluctuations of the lattice)
becomes extremely small. Despite the different photon energies
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Figure 2 X-ray exposure dependence of the peak intensity of the (2,1.5, 0) Bragg
reflection characteristic of charge ordering (left axis), and of the electrical
conductance (right axis), attemperature T = 4 K. The measurements were taken
with a monochromatic X-ray beam (energy 8keV, flux 5 x 10'°s ™', beam size
1 X 1mm) at beamline X22B, National Synchrotron Light Source.
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used in the experiments, the phenomenology of DX centres,
including in particular the annealing of the metastable conducting
state at elevated temperatures, bears a striking resemblance to our
observations in Prj;Cag3;MnOs;.

These observations have important implications both for the
mechanism of colossal magnetoresistance (CMR) and for the physics
of persistent photoconductivity in general. One of the most perplex-
ing aspects of the physical properties of the manganites is their
insulating state; traditional models of these materials cannot account
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Figure 3 Current-voltage characteristics measured after different X-ray expo-
sures attemperature 7 = 4K.
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Figure 4 Conductivity measured on cooling before X-ray illumination (dotted
curve) and on heating after illumination with X-rays for a moderate amount of time
(solid curve). In the unilluminated state, the conductivity was measured directly
and is consistent with the measurements of ref. 3. X-ray illumination creates a
conducting channel of depth equal to the X-ray penetration depth (~15pm)
between two contacts spaced ~1mm apart on a polished surface of the
sample. Conductance data taken in the illuminated, unannealed state at low
temperatures were converted to conductivity by using the calculated channel
depth.
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for this®. Current theories of CMR® therefore invoke strong polaronic
self-trapping of the carriers mediated by the Jahn—Teller distortion of
the Mn?* ion. In conjunction with the DX centre analogy, our data
clearly illustrate the dominant role of electron—lattice coupling as a
driving force for charge localization and suggest that the insulating
state in Pry;Ca;3sMnO; should be regarded as a polaron lattice.
Conversely, the lattice distortions around DX centres have thus far
not been observed directly, which leaves a gap in an otherwise
reasonably complete understanding of persistent photoconductivity.
This gap is filled by the diffraction data of Fig. 2 which demonstrate
unambiguously that the lattice relaxes when photoelectrons are
removed from the charge-ordered state of Pry;Ca;;MnOs. The
large relaxation of the lattice on entering the same metallic state
through two different routes (X-rays and magnetic field) also
provides a common microscopic explanation of both the newly
discovered persistent photoconductivity and the irreversibility
effects observed in previous magnetotransport experiments on
Pr,,CaysMnO; and other manganites™”.

The initial experiments reported here open the way for a variety
of further experimental studies. For instance, further insight into
the mechanism of the photoinduced transition could be gained by
studying its dependence on photon energy. Preliminary experi-
ments show that the kinetics of the transition are not strongly
affected when the X-ray energy is lowered below the Mn K absorp-
tion edge, which may indicate that these phenomena occur over a
wide energy range. From the point of view of applications, the
unique properties of the manganites may, with further develop-
ment, prove useful in X-ray lithography and X-ray detection.
Perhaps even more importantly, the evidence presented here
strongly suggests that the photoinduced phase is not only metallic
but also ferromagnetic. Using X-ray lithography it should thus be
feasible to pattern very small ferromagnetic structures into these
materials, which would open up new possibilities for both funda-
mental and applied research on magnetism. In a compound of
slightly modified coniposition, Pro.65Cag.2455r0.10sMnO3, we have
recently observed significant persistent X-ray photoconductivity
at temperatures in excess of 100K, an important step towards
practicability of these ideas. O
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