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Direct Observation of Spontaneous Weak Ferromagnetism in the Superconductor ErNi; B,C
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Neutron measurements show that superconducting ErNi,B,C (T¢ = 11 K) develops antiferromagnetic
spin density wave magnetic order (Ty = 6 K), which squares up with decreasing temperature yielding
a series of higher-order magnetic Bragg peaks with odd harmonics. Below Twrm = 2.3 K where mag-
netization indicates a net moment develops, even-order Bragg peaks develop which low field (~3 Oe)
polarized beam measurements show are magnetic in origin. The data directly demonstrate the existence
of a net magnetization with a periodicity of 20a, confirming the microscopic coexistence of spontaneous

weak ferromagnetism with superconductivity.
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The coexistence of magnetic order and superconductiv-
ity has had an interesting history. The first examples of true
long range magnetic order coexisting with superconductiv-
ity were provided by the ternary Chevrel phase supercon-
ductors (RMogSg) and related (RRhyB4) (R = rare earth)
compounds [1]. The magnetic ordering temperatures are
all low (~1 K), and thus it was argued that electromag-
netic (dipolar) interactions dominate the energetics of the
magnetic system. Similar behavior is found for the rare
earth ordering in the hole-doped cuprates, which exhibit
similar very low ordering temperatures [2]. The first sys-
tems where exchange clearly dominates the magnetic en-
ergetics were provided by the electron-doped cuprates [2],
followed by the borocarbides of central interest here [3—5].
Most recently a spin density wave has been observed in the
single-layer d-wave superconductor La,CuOy44, at T¢ =
Ty = 42 K [6], and long range order of the Ru spins
has been found at 135 K in the hybrid cuprate ruthen-
ate RuSr,GdCu,0g [7,8]. Among these systems, the rare
and interesting situation where ferromagnetic interactions
are present has attracted special attention because of the
competitive nature between the superconducting screen-
ing (Meissner effect) and the internally generated magnetic
field. In the Chevrel phase-type materials this competition
gives rise to long wavelength oscillatory magnetic states
and/or reentrant superconductivity [9—11] predicted theo-
retically, while the possibility of more exotic behavior such
as spontaneous vortex formation has been speculated [12].
There has then been particular attention given to the report
that superconducting ErNi;B,C (T¢ = 11 K) develops a
net magnetization below 2.3 K [13], well below the on-
set of long range spin density wave order at Ty = 6 K.
Here we report a comprehensive study of the magnetic or-
der in this material both above and below the transition at
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2.3 K, and directly demonstrate that this transition does in-
deed correspond to the development of a net atomic mag-
netization in zero applied field, which coexists with the
superconductivity.

The neutron measurements were performed at the NIST
Center for Neutron Research on a superconducting single
crystal (T¢ = 11 K) of ErNip!'B,C grown using a high-
temperature flux method [14]. To avoid extinction ef-
fects a relatively small crystal 1 X 1 X 3 mm?, with the
b axis along the longer length, was used. Unpolarized
neutron measurements were taken on the BT-7 triple-axis
spectrometer with the standard configuration of a double-
crystal pyrolytic graphite monochromator and an incident
wavelength of 2.465 A, with a 26’ collimator between the
sample and a pyrolytic graphite analyzer. The BT-2 triple-
axis spectrometer was used at a neutron wavelength of
2.359 A for polarized measurements, employing a Heusler
monochromator and analyzer. The collimation was 60’-
40’-40"-open and the direction of the guide field of 2—3 Oe
at the sample position was controlled by four coils mounted
around the cryostat. Data were collected primarily in the
(h01) scattering plane.

ErNi;B,C orders magnetically at 6 K into a transversely
polarized spin density wave structure [15—17], with the
modulation wave vector 6 along the a axis and the spins
along the b direction (or equivalently with § along » and
the spins parallel to the a axis [18]). A portion of a scan
along the a axis is shown in Fig. 1 at three temperatures;
data have been collected over the range of 0.01-4.50 in
reduced wave vector. Below Ty the initial ordering is
a simple spin density wave as shown in the schematic,
with a modulation of § = 0.55a* (a* = 27 /a). The T
dependence of the fundamental peak intensity is shown
in Fig. 2a, where we see that the ordering temperature
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FIG. 1. Unpolarized neutron scattering measurements along
(h,0,0) at T = 1.3, 2.4, and 4.58 K. The data have been off-
set for clarity. Above the weak ferromagnetic transition at 2.3 K
we observe the fundamental peak at ~0.55 along with odd-order
harmonics, while below a new set of even harmonics develops
(arrows). Also shown is a schematic of the spin density wave for
T just below Ty, and the (undistorted) wave when it squares up.

is 6.0 K. The transition is also evident in the width of
the scattering, which is resolution limited up to Ty and
then broadens into critical scattering. The incommensurate
wave vector 6 is T independent at low T, then exhibits a
slight decrease before increasing with 7 up to 7. Above
Tw the average wave vector appears to decrease again.

At T = 4.58 K (Fig. 1) we also observe a third-order
peak at ~0.35a"([2,0,0] — 38). The data are plotted on
a log scale so that at this 7' the higher-order peak is quite
small compared with the fundamental, but its presence in-
dicates that the spin density wave has already begun to
square up. At 2.4 K additional higher-order peaks be-
come observable as the magnetic structure squares up as
indicated schematically at the bottom of Fig. 1. The T
dependence of the third-order peak (Fig. 2b) exhibits the
expected concave upward curvature [17]. These peaks are
all odd-order harmonics as expected for a square-wave
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FIG. 2. T dependence of the intensity of the first (a) and third

(b) harmonics of the spin density wave, along with (c) the po-
sition and (d) width of the fundamental. The solid squares are
cooling and the open circles warming.

magnetic structure. The present results are in good agree-
ment with previous work [15-17], while providing con-
siderably more detail.

We now turn to the behavior of the magnetic system
below the weak ferromagnetic transition (Twrm) at 2.3 K
[13]. The low T diffraction data (T = 1.3 K) shown in
Fig. 1 indicate that a new series of peaks has developed,
which are even harmonics of the fundamental wave vector.
One possible origin for these new peaks is that the spin
density wave couples to the lattice, producing an accom-
panying charge density wave distortion such as observed in
Cr [19]; we have already noted that a small coupling that
distorts the tetragonal lattice has been observed [18]. If
such a distortion were the cause of the new peaks, then we
would expect the odd-order peaks to be magnetic while the
even-order peaks would be structural, and this can be un-
ambiguously determined with polarized beam techniques
[20]. Structural Bragg scattering never causes a reversal, or
spin flip, of the neutron spin direction upon scattering. We
denote this configuration as (= =), where the neutron is in-
cident with up (down) spin and remains in the up (down)
state after scattering. The magnetic Bragg cross sections,
on the other hand, depend on the relative orientation of the
neutron polarization P, the moment direction, and the re-
ciprocal lattice vector 7. For the (h 0 ) scattering plane the
spin direction (b) is vertical. Then when the neutron polar-
ization is also vertical (P L 7) the magnetic Bragg scat-
tering is nonspin flip, while for 7 = (4,0,0) and (P || 7)
the neutron spin is reversed [(— +) or (+ —)] [20]. Fig-
ure 3 shows the scattering for an odd-order peak and an
even-order peak that are conveniently located next to each
other. All four cross sections are shown, and we see that
the scattering for both types of peaks is spin flip for P || 7
and nonspin flip for P L 7. The ratio of the intensities
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FIG. 3. Polarized neutron scattering measurements of the odd-

order (5th) and even-order (16th) harmonics for the (P || 7)
and (P L 7) configurations. The solid circles (—, +) and solid
triangles (+, —) are spin-flip scattering, while the open circles
(+,+) and open triangles (—, —) are non-spin-flip scattering.
The data demonstrate that both types of reflections are magnetic
in origin, with the moment direction along the b axis.

was determined to be 24 for both peaks, which is the in-
strumental limit as measured at 15 K on the main Bragg
peaks. It is therefore clear that both these peaks are mag-
netic in origin. Similar data have been obtained for all
the higher-order harmonics observed in Fig. 1, and indi-
cate that all the odd-order as well as the even-order (below
Twem) peaks are magnetic [21]. An important point to note
in these measurements is that we have used a very small
guide field, between 2 and 3 Oe, to control the neutron
polarization. This is essential in determining the intrin-
sic zero-field behavior of the system, since applied fields
above Hc will not only strongly distort the magnetic state,
but will induce vortices in the superconductor that will be
coupled to the magnetic order [22]. The present results
rule out the possibility that a charge density wave is the
origin of the observed zero-field even-order peaks.

The integrated intensities of the odd- and even-order
harmonics are shown in Fig. 4a as a function of 7. The
5th harmonic increases with decreasing 7', and then de-
creases again in intensity as the even-order peaks abruptly
develop below 2.3 K. We therefore identify the even-
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FIG. 4. (a) Integrated intensities of the odd-order (open circles)
and even-order (solid circles) harmonics as a function of T.
(b) Flipping ratio [I(++)/I(—+)] of the (0,0,2) peak, whose
intensity is dominated by the strong nuclear scattering, across
the weak ferromagnetic transition. The average (flat portions of
the dashed curve) clearly decreases below Twgy, indicating a
ferromagnetic moment has developed.

107001-3

order peaks with the development of weak ferromagnetism
at Twem = 2.3 K. There is also substantial thermal hys-
teresis associated with the weak ferromagnetic transition,
with the odd- and even-order harmonics having the oppo-
site type of behavior, suggesting that this transition is first
order in nature. Hysteresis associated with Twgy 1s also
evident in 6 (Fig. 2c¢).

Finally, in addition to all the even-order components
[2,4,6,...,16 (Fig. 3), 18,...], there should be a zero-
order component which sits on top of the strong nuclear
Bragg reflection. To observe this component polarized
beam measurements are necessary [23], and combined
with the strong nuclear intensities the magnetic compo-
nent is very difficult to observe. Nevertheless, in Fig. 4b
we show the ratio of the (+ +) intensity to the (+ —) inten-
sity for the (0,0, 2) Bragg peak, with (P L 7) and a 2 Oe
guide field [23]. The ratio of these intensities is observed
to be T independent from 15 to ~2.3 K, while with fur-
ther decrease of T we observe a decrease in the ratio; the
flat portions of the dashed curve indicate the average flip-
ping ratio, which unambiguously decreases below Twgwm.
Hence a (zeroth-order) ferromagnetic component has in-
deed developed below Twem.

The incommensurate spin density wave that forms in
this system is controlled to a large extent by band structure
(Fermi surface) effects [24]. For a localized 4 f-moment
spin density wave, the magnetic structure must either
square up at low 7', or lock-in to a commensurate structure.
The T dependence of 6 (Fig. 2¢) clearly shows that there
is no lock-in transition evident (in terms of a ratio of small
integers) at this precision of measurement. It is also evi-
dent from the magnetic structure (Fig. 1) that there appears
to be two different waves in the system. One is the short-
period antiferromagnet just discussed, while the second
one is a much longer period and describes the modulation
away from this simple commensurate state; for 6 = 0.55
this second period is 6 — 1/2 = 0.05 or 20a [17]. For
this particular wave, every tenth spin will be forced to
be parallel to its neighbor rather than antiferromagnetic.
For the sinusoidal wave the system can arrange for this to
occur at the place where the ordered moment is small, but
when the wave squares up this becomes energetically un-
favorable. For the actual system 6 is incommensurate, and
when the wave becomes sufficiently square some energy
can be saved by periodically disrupting the square wave
with a discommensuration (or spin slip) [25] that locks it
to the lattice by flipping one of the spins. The periodicity
for this “mistake” is 20a, which results in even harmonics
(as well as changes to the odd-harmonic intensities) and a
net magnetization 2ug;/20 = 0.7up parallel to (0,1,0),
i.e., to spontaneous weak ferromagnetism as has been
observed via magnetization [13]. In the present case the
intensities of the even-order peaks (including Fig. 4b)
indicate a net moment/Er of (0.57 = 0.1)wp. This is
larger than the value obtained from the magnetization
measurements, and may indicate that the bulk value is
reduced due to superconducting screening effects.
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The present neutron results demonstrate that a net
magnetization develops in ErNi;B,C in the magnetically
ordered state at low 7, making this the first such
“ferromagnetic superconductor” since HoMogSg [10],
HoMogSeg [11], and ErRhyB4 [9]. For ErNi,B,C the net
magnetization is much smaller than for the above systems
since just one in twenty moments is aligned, which allows
coexistence with superconductivity over an extended T
range. One of the advantages of the borocarbide materials
is the ready availability of high quality single crystals,
which has allowed an in-depth understanding of the mag-
netic structure and its interaction with the superconducting
state. A similar net magnetization appears to develop [7] at
the onset of antiferromagnetic order [8] in RuSr,GdCu;Os,
and it will be interesting to investigate this system in
the same detail when single crystals become available.
Finally we note that very recently superconductivity has
been found with applied pressure in the itinerant electron
ferromagnet UGe;, with a comparable net moment in
the coexistence regime [26]. The superconductivity in
UGe; appears to be of the spin-triplet form rather than the
spin-singlet form for the above systems, thus providing a
different but interesting type of competition between these
two types of cooperative phenomena.
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