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Neutron-diffraction measurements have been carried out to investigate the magnetic properties of supercon-
ducting (Tc;8 K! HoNi2B2C and nonsuperconducting (Tc,3 K! HoNi1.985Co0.015B2C. Both systems be-
come magnetically long-range ordered below;8 K, with three types of magnetic order being present. The
low-temperature structure is a commensurate antiferromagnetic state that consists of Ho31 moments aligned
ferromagnetically in thea-b plane, with the sheets coupled antiferromagnetically along thec axis. The mag-
netic state that initially forms on cooling, however, is dominated by an incommensurate spiral antiferromag-
netic state along thec axis, with wave vectorqc'0.054 Å21, in which the relative alignment of each
ferromagnetic sheet is rotated in thea-b plane by;17° from the low-temperature antiparallel configuration.
The intensity for this spiral state reaches a maximum near;5 K; the spiral state then collapses at lower
temperature in favor of the commensurate antiferromagnetic state. A smaller amplitudea-axis modulation, with
qa'0.73 Å21, is also observed above the spiral antiferromagnetic transition, but over a narrower temperature
range than the spiral state. The identical sequence of phase transitions is observed for both the superconducting
and nonsuperconducting samples, demonstrating that the reentrant superconductivity and the coexistence of
long-range antiferromagnetic order and superconductivity at low temperatures are both controlled by the nature
of the magnetic structures present. In the temperature regime where the three magnetic structures are observed
simultaneously, the sample dependence of the intensities strongly suggests that they occur in spatially separate
regions.

I. INTRODUCTION

The discovery of superconductivity inRNi2B2C (R5rare
earth element! and related materials has generated consider-
able interest in the superconductivity community for a num-
ber of reasons.1–5 These are the first quaternary intermetallic
systems that are superconducting, and they also appeared to
be the first ‘‘high-Tc’’ @up to 23 K for YPd2B2C ~Ref. 2!#
materials that do not contain either copper or oxygen. In
these materials the planar Cu-O layers, which are thought to
be essential to high-Tc superconductivity, are replaced by
square-planar Ni layers. However, both measurements of the
physical properties as well as band structure calculations6

show that these new materials are three dimensional in their
behavior, and thus are in fact quite different than the layered
cuprates. The substantial isotope effect7 and the nature of the
electronic properties,8 as well as theoretical calculations, all
show that the electron-phonon interaction is strong in these
systems, and the highTc is now thought to originate from a
peak in the electronic density of states at the Fermi surface.
In addition, the strong suppression of the superconducting
transition temperature with magnetic doping onto the Ni
lattice9 strongly indicates that these are conventional
electron-phonon superconductors.

One of the truly unique characteristics of this new class of
materials, on the other hand, is the high magnetic ordering
temperatures of the heavy rare earth sublattice,10 with mag-

netic transition temperaturesTN as high as 20 K for
GdNi2B2C.

11 The much higher magnetic transition tempera-
tures ensure that the magnetic energetics for these new sys-
tems are dominated by exchange rather than dipolar~electro-
magnetic! interactions. The interplay between
superconductivity and magnetism should therefore be much
stronger than in the ternary Chevrel-phase and related
systems,12 where the magnetic ordering temperatures are
typically <1 K, comparable to the expected dipolar ordering
temperatures. This has indeed turned out to be the case, as
exemplified by HoNi2B2C. This system becomes
superconducting10,13 at Tc'8 K while developing long-
range magnetic order at about the same temperature.14 The
temperature and field dependence of the magnetic order has
been studied in some detail with neutrons,14,15 and complete
profile refinements of both the nuclear and magnetic struc-
tures have also been carried out.16 Two types of magnetic
order were initially observed, and are shown in Fig. 1. The
commensurate antiferromagnetic structure consists of sheets
of ferromagnetic moments in thea-b plane, with adjacent
sheets coupled antiferromagnetically along thec axis @Fig.
1~a!#. The incommensurate spiral state is then obtained by
rotating the direction of these ferromagnetic sheets in thea-b
plane by an anglef;17°. The intensities from both types of
Bragg peaks develop at about the same ordering temperature
and initially grow with decreasing temperature at the same
rate. At ;5 K the superconductivity is reentrant as evi-
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denced by a deep minimum inHc2 near 5 K,
10 below which

the incommensurate spiral order is suppressed in favor of a
simple commensurate antiferromagnetic structure. This
lock-in magnetic transition then permits the return of super-
conductivity and a coexistence of long-range antiferromag-
netic order and superconductivity at low temperature.

In addition to the primary spiral and antiferromagnetic
states just discussed, Goldmanet al.17,18 also found incom-
mensurate magnetic Bragg peaks along thea axis above 5 K,
which corresponded to some kind of a short-wavelength
modulated magnetic state that has a temperature dependence
that was qualitatively, but not quantitatively, like the spiral
state. The magnetic structure for thesea-axis peaks has not
been determined yet for HoNi2B2C, but they are similar to
the peaks observed in ErNi2B2C,

19,20which is the only other
magnetic superconductor in this class of materials that has
been investigated so far with neutrons. The Er system be-
comes superconducting atTc'11 K and orders antiferro-
magnetically atTN56.8 K. The magnetic order is described
in terms of a relatively simple, incommensurate, transversely
polarized spin-density-wave state along thea axis ~or
equivalently along theb axis in this tetragonal system!.
The modulation wave vector was found to be a
temperature-independent value of 0.5526(2p/a), with the
spin density wave squaring up at low temperatures. The mag-
netic order and superconductivity were found to coexist over
the full temperature range where they are observed, with
only a weak interaction between the two. It is likely that the
magnetic structure associated with thea-axis peaks in
HoNi 2B2C is a similar spin-density-wave configuration.
However, since only the HoNi2B2C system exhibits a giant
anomaly inHc2 and reentrant superconductivity, and is also
the only system that possesses thec-axis spiral, it seems
clear that the magnetism associated with thea-axis peaks in

HoNi 2B2C is likely not controlling the reentrant supercon-
ducting behavior.

In our first experiments there were several questions that
arose which required further investigation. For example, it
was not clear whether the antiferromagnetic and spiral peaks
represented a single, coherent magnetic structure, or whether
they were different magnetic phases originating from differ-
ent regions of the sample. This is also the case for thea-axis
peaks. The purpose of the present study is then to investigate
the sample dependence of these three types of magnetic
peaks in order to ascertain whether they are separate mag-
netic phases or represent a single~or possibly two! coherent
spin configurations. We also wanted to determine how each
phase is related to the presence or absence of superconduc-
tivity, and for this we investigated these three phases in a
sample doped with a small amount of Co, which suppresses
the superconductivity.9 We found that in nominally identical
samples the strengths of these three types of magnetic peaks
can be quite different. Indeed in a recent study of the phase
composition of this system, Schmidt, Weber, and Braun21

found that for small variations in the composition the mate-
rial can be either a pure superconductor, can be fully reen-
trant, or can be nonsuperconducting. These phases corre-
spond nicely with the types of magnetic order we observe in
the present study.

II. EXPERIMENTAL PROCEDURES

Three polycrystalline samples were used in this study, and
were prepared by the identical procedures used previously.
The boron-11 isotope was used to reduce the nuclear absorp-
tion. The first sample~designated No. 1! is in fact the origi-
nal 7 g sample we employed previously in our neutron
studies.14–16The second sample~No. 2! was made with the
same nominal composition, but was found to be ‘‘more re-
entrant’’; that is, the minimum inHc2 was deeper and wider
in comparison to sample No. 1. The third sample was pre-
pared with the composition HoNi1.985Co0.015B2C, that is,
3/4% Co substitution on the Ni site, which is sufficient to
reduce the superconducting transition temperature below 3
K.9 Indeed in this sample no superconductivity was detected
for temperatures as low as 3 K. The latter two samples
weighed 2 g each.

The temperature-dependent neutron-diffraction experi-
ments were carried out on the HB-3 spectrometer at the High
Flux Isotope Reactor at Oak Ridge National Laboratory. A
pyrolytic graphite monochromator and filter were employed
at a wavelength of 2.351 Å in the usual manner. The colli-
mation before and after the sample was 208 full width at half
maximum. An ILL-type top loading cryostat was used to
cool the sample, and the sample temperature was controlled
with a TRI controller. This configuration was employed to
determine the magnetic order parameters as a function of
temperature for each sample.

High-resolution powder-diffraction data were also ob-
tained on the HB-4 powder diffractometer at a few selected
temperatures. These data were then used to obtain complete
structural refinements for the three samples, with the aim of
correlating changes in the crystal structure with changes in
the magnetic and superconducting phases. However, even
though there were clear differences in the magnetic ordering

FIG. 1. Magnetic structures that have been determined for
HoNi2B2C: ~a! commensurate antiferromagnetic structure and~b!
c-axis spiral. In each case the holmium moments are perpendicular
to thec axis.
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in the samples, there were no systematic trends that could be
identified in the refinements, within the experimental uncer-
tainties typically obtained in these studies.16 Hence the varia-
tion in the composition that is producing these changes in the
magnetic structures is subtle enough to be below these de-
tection limits.

III. RESULTS

Figure 2~a! shows the scattering observed at a temperature
of 6.25 K in the vicinity of the~001! antiferromagnetic peak
position. The three-peak structure on the left replicates our
original data on this sample, with the antiferromagnetic~001!
peak in the center and the two incommensurate spiral satel-
lite peaks on either side. The position of the spiral peaks has
been found to be essentially temperature~and field!
independent,14,15 and thus in the present study we simply
monitored the peak intensities as a function of temperature as
given below. The scattering on the right of the figure shows
where the incommensuratea-axis magnetic peak is ob-
served, and at this temperature there is very little intensity at
this position. Indeed in order to obtain convergence at this
temperature we had to fix the width to the instrumental
width, and the position to the value found at lowerT, in the

least squares fit. However, at a temperature of 5.5 K we
observe a well-defineda-axis peak as shown in Fig. 2~b!,
and here there is no difficulty in fitting this peak. At still
lower T this a-axis peak is again absent, and thus the inten-
sity of this a-axis peak is strongly temperature dependent.
We remark that all thea-axis data we present were obtained
by measuring the full profile of the peak since we did not
know if the position would be temperature dependent, but
the position in fact turns out to be only very weakly tempera-
ture dependent. Finally we note that in addition to thisa-axis
peak the intensities of the spiral and antiferromagnetic peaks
have approximately doubled in strength in comparison to the
data at 6.25 K.

The temperature dependence of these three types of peaks
is shown in Fig. 3. The data have been normalized with
respect to the integrated magnetic scattering observed at low
temperature, and the antiferromagnetic intensity is plotted as
the square of the ordered moment. The magnetic structure for
the c-axis spiral peaks is also known,14,16 and the observed
satellite intensity at any given temperature can then be com-
pared directly with the antiferromagnetic intensity. We re-
mark that if the ordered moments for the spiral and antifer-
romagnetic structures were the same~and the fraction for
each phase were identical!, then the two satellite peaks in
Fig. 2 added togetherwould equal the intensity of the anti-
ferromagnetic peak.22 Hence when the sample initially orders
magnetically the ordered moment in the spiral phase is either
;A2 larger than in the antiferromagnetic phase, or~more
likely! the phase fraction that orders with the spiral structure
is twice that for the antiferromagnetically ordered phase frac-
tion. For this latter case the maximum value of the ordered
moment in the spiral phase is then;6.7mB when the spiral
to antiferromagnetic lock-in transition is encountered, which

FIG. 2. Magnetic Bragg peaks observed for sample No. 1 of
HoNi2B2C at ~a! 6.25 K and~b! 5.5 K. The three-peak structure
consists of the commensurate antiferromagnetic peak in the center
and the incommensuratec-axis spiral satellite peaks on either side.
At 5.5 K the incommensuratea-axis peak is also evident.

FIG. 3. Intensity for the commensurate antiferromagnetic Bragg
peak~in mB

2) as a function of temperature, compared with the in-
commensuratec-axis spiral anda-axis intensities, for sample No. 1.
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is close to the full saturated value of 8.7mB measured at low
temperatures. For thea-axis peak, on the other hand, we
have ~arbitrarily! scaled its intensity with respect to the
c-axis spiral in order to maintain the same relative intensities
between these two, since the magnetic structure for the
a-axis-type peaks is not yet known. The statistical error bars
have also been plotted in Fig. 3 but are typically smaller than
the data points. In our previous studies we found that there is
substantial hysteresis as a function of temperature~and mag-
netic field!, and thus the data shown here and those given
below were all obtained on the cooling cycle so that they
may be readily compared.

Figure 4 shows the intensity of the spiral anda-axis peaks
on an expanded scale. It can be noticed that there is some
observable intensity at the spiral position even at 9 K, while
at 8 K a well-defined three-peak structure has already
developed.15 In order to observe a well-defined three-peak
structure in a powder, with resolution-limited peak widths,
we must either have a very long correlation length (j.500
Å!, or a true long-range-ordered state. The first case would
indicate that we are very near the ordering temperature, and
long-range order would then set in just below;8 K. We are
therefore led to the conclusion that the magnetic ordering
temperature is very close to 8 K~and thus close toTc). We
note that the intensity of the spiral peak grows in a continu-
ous fashion, but with a concave-upward curvature. This
shape has been found for all the samples studied to date, both
powders and single crystals. In view of the strong depen-
dence of the magnetic properties on subtle composition
changes, we believe that this behavior is most likely the re-
sult of having a distribution of transition temperatures. We
point out, however, that this shape could also result if the
magnetic interactions were highly anisotropic, such as for
low-dimensional systems.23 In these Ni systems, though,
there is no evidence for low-dimensional behavior, and we
discard this possibility. Another possibility is if the critical
exponentb. 1

2, with I}(TN2T)2b, where the intrinsic in-

tensity is concave upward. Finally, we note that this type of
behavior is observed in the case when no phase boundary is
crossed.24 Clearly the magnetic critical scattering~if it exists!
in these systems would be interesting to investigate when
samples of sufficient uniformity become available.

We noted previously that the spiral and antiferromagnetic
peaks initially grow at the same rate with decreasing tem-
perature, but then the rate of growth of the spiral peak slows
and the intensity has a maximum at;5 K, close to the
reentrant superconducting transition temperature. The inten-
sity then drops rapidly as the antiferromagnetic peak in-
creases rapidly. Thea-axis peak, on the other hand, has no
observable intensity above;6.5 K, maximizes at 5.5 K, and
then becomes unobservable below 4.5 K. The temperature
dependence for thea-axis andc-axis peaks is thus quite
different, suggesting that these peaks originate from different
regions of the sample. Note in particular that the tempera-
tures at which the maxima occur are clearly quite different in
this sample. Goldmanet al.,17 on the other hand, found that
the maxima occurred at approximately the same temperature.
This difference in the temperature dependence for different
samples also suggests that these two peaks belong to separate
magnetic phases.

The three-peak structure for the second sample of
HoNi 2B2C is shown in Fig. 5 at a temperature of 6.25 K. In
comparison with the first sample, we note that the intensity
of the antiferromagnetic peak is about 2.3 times smaller
compared to the spiral peaks than in the first sample, even
though the antiferromagnetic and spiral orderings again oc-
cur at about the same ordering temperature. Thus the ratio of
intensities is again approximately independent of tempera-
ture ~until the spiral intensity gets close to the maximum!,
and we conclude that the spiral and antiferromagnetic inten-
sities originate from separate magnetic phases in the sample.

The temperature dependence of the magnetic intensities is
shown in Fig. 6. We see that the overall behavior is quite
similar for the two samples, but in detail they are different as
shown in the expanded view given in Fig. 7. We see that the

FIG. 4. Expanded view of the spiral anda-axis intensities, taken
from Fig. 3.

FIG. 5. Antiferromagnetic andc-axis spiral Bragg peaks at 6.25
K for sample No. 2. Note that the relative intensity of the antifer-
romagnetic peak is reduced by a factor of 2.3 with respect to the
spiral peaks for this sample in comparison to sample No. 1~Fig. 2!,
indicating that these peaks originate from separate regions of the
sample.
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amplitude of the spiral peak is somewhat larger than for
sample No. 1, which we believe correlates with the deeper
and wider reentrant feature observed in the susceptibility
measurements. Thea-axis feature, on the other hand, is very
similar for the two samples. Thus it is again clear that the
spiral feature is associated with the reentrant superconduct-
ing behavior.

Finally, we took data on the Co-doped sample, which is
not superconducting above 3 K. The overall behavior for the

antiferromagnetic, spiral, anda-axis phases is quite similar
to that shown for the previous two reentrant-superconducting
samples, as shown in Fig. 8. The expanded view is shown in
Fig. 9, where we have also plotted the data for sample No. 2
~Fig. 4! for comparison. We see that the maximum scattering
strength for the spiral anda-axis peaks is about the same as

FIG. 9. Expanded view of the spiral anda-axis intensities, taken
from Fig. 8. The dashed curve is the data for the superconducting
sample, taken from Fig. 4, for comparison purposes, while the solid
curve just connects thec-axis data points.

FIG. 6. Intensity for the commensurate antiferromagnetic Bragg
peak~in mB

2) as a function of temperature, compared with the in-
commensuratec-axis spiral anda-axis intensities, for sample No. 2.

FIG. 7. Expanded view of the spiral anda-axis intensties, taken
from Fig. 6.

FIG. 8. Intensity for the commensurate antiferromagnetic Bragg
peak~in mB

2) as a function of temperature, compared with the in-
commensuratec-axis spiral anda-axis intensities, for the nonsuper-
conducting (Tc,3 K! composition HoNi1.985Co0.015B2C.
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for the superconducting samples. The maxima for thea-axis
andc-axis peaks again occur at different temperatures for the
Co-doped sample, although they are not as far apart inT as
for the other two samples. Our conclusion is that the antifer-
romagnetic,c-axis spiral, anda-axis orderings are separate
phases that develop as a function of temperature, and they
are to a good approximation independent of whether or not
the system is superconducting. The superconductivity, then,
will only be present in the system if the nature of the mag-
netic ordering allows such a coexistence.

IV. DISCUSSION

There are three types of magnetic peaks in the HoNi2B2C
system, the commensurate antiferromagnet, ac-axis spiral
phase, and thea-axis peaks. The antiferromagnet and spiral
phases are the dominant ones in these samples with nominal
composition HoNi2B2C. The data show that these two com-
ponents develop at about the same temperature for all the
samples studied, but belong to different phases, with the
phase fraction exhibiting a strong variation between samples.
At low T the antiferromagnet is the only phase that is
present,15 and this phase is known to readily coexist with
superconductivity. Hence if in a particular region of the
sample this is the phase that initially forms on cooling, then
we expect little interaction with the superconductivity over
the entire temperature range. In the compositional study of
Schmidt, Weber, and Braun,21 they find a superconducting
phase that exhibits no reentrance, and we believe that this is
the material that initially orders as a commensurate antifer-
romagnet.

If a region of the sample initially orders in thec-axis
spiral state, on the other hand, then we expect to have a
strong interaction with the superconductivity because there is
a net uncompensated ferromagnetic component on the Ni
layer from the adjacent Ho layers.14 As the amplitude of the
spiral state grows, the superconductivity is extinguished. The
ordered moment in the spiral state becomes quite large
(;6.7mB), but then a magnetic lock-in transition to the com-
mensurate antiferromagnetic state occurs which allows the
superconductivity to return and coexist. Since we observe the
same sequence of phase transitions whether or not the mate-
rial is superconducting, it is clear that the magnetism is con-
trolling whether the superconductivity is present or not. In
particular, we believe that the magnetic lock-in transition is
controlled by the magnetic properties alone, with little influ-

ence caused by the superconductivity when it is present. This
complete dominance of the magnetism is different from the
well-known ferromagnetic-superconductor systems such as
HoMo6Se8 ~Ref. 25! and ErRh4B4,

26,27 where the coupling
between the ferromagnetism and superconductivity~with
TM,Tc) initially forces the appearance of an oscillatory
magnetic state just below the magnetic ordering temperature
TM . Even in these materials, though, the magnetism wins at
sufficiently lowT and there is a lock-in transition to a pure
ferromagnetic state which extinguishes the superconducting
state. For HoMo6Se8,

28 on the other hand, the magnetic mo-
ment is smaller while theTc is larger than for HoMo6Se8, we
find a strong temperature dependence to the spiral wave vec-
tor while the superconductivity survives at lowT.
HoNi2B2C appears to be in the opposite situation where the
moment and the magnetic ordering temperature are large,
and thus the magnetism dominates at all temperatures.

The a-axis peaks have a temperature dependence that is
clearly quite different than the spiral phase, and this argues
that thec-axis anda-axis peaks also belong to separate mag-
netic phases. However, there is no dramatic variation in their
relative intensities from sample to sample, and therefore we
feel that the conclusion that they belong to separate phases is
a less compelling conclusion than for the antiferromagnetic
and spiral phases. It is also not clear what the relationship is
between thea-axis peaks and the presence or absence of
superconductivity. Unfortunately, the relatively weak scatter-
ing from these peaks has so far precluded us from solving the
magnetic structure via powder profile refinement, while ex-
tinction and other experimental difficulties have so far pro-
hibited the solution of any of these magnetic~or chemical!
structures via single-crystal diffraction.17 Finally, we note
that these incommensurate magnetic phases are very sensi-
tive functions of the composition and/or state of the sample,
and the property that is controlling the appearance of these
various magnetic phases has not been identified yet.
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