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We report high-resolution x-ray and neutron-scattering studies of the antiferromagnetism of the rare-earth
superconductor, HoNi2B2C ~TC58.5 K!. At low temperatures,T,5 K, the superconductivity coexists with a
long-range ordered, commensurate Ne´el state. In the incommensurate antiferromagnetic state, 5 K,T,7 K,
we find two phase coexistence between ana-axis modulation and ac-axis basal plane spiral-like structure. The
c-axis structure is characterized by two wave vectors. Short-range ordered fluctuations of the commensurate
phase, observed forT.5 K, are interpreted in terms of local strains.

Superconductivity arises from the Bose condensation of
Cooper pairs; a pairing of electrons of opposite momenta and
spin. Thus, in most superconductors even dilute concentra-
tions of paramagnetic impurities suppressTC , or destroy the
superconductivity completely through spin-flip scattering.1

Notable exceptions occur in compounds such asRMo6S8 and
RRh4B4, whereR is a magnetic rare-earth ion,2 and the
heavy-fermion superconductors,3 all of which have evoked
much interest. In these materials, magnetic ordering can co-
exist with superconductivity over a finite temperature range
and the competition between these ground states has pro-
vided a wealth of data concerning the interaction between
these two phenomena. The competition is particularly severe
in the case of ferromagnetic order, since both the magnetic
ordering and the superconductivity areq50 phenomena. For
antiferromagnetic order the peak in the susceptibility appears
at, or near, the zone boundary and the two ground states can,
in principle, coexist microscopically.

Recently, interest in this topic has been reawakened by the
discovery of a new class of magnetic superconductors,
RNi2B2C.

4,5 These are layered intermetallic compounds with
superconducting transition temperatures,TC as high as
TC516.6 K ~for R5Lu!, which decrease with increasing de
Gennes factor, (g21)2J(J11), and Ne´el temperatures as
high asTN510.3 K ~for R5Dy!, which scale directly with
the deGennes factor. Band-structure calculations suggest that
the superconductivity is ‘‘conventional’’,6–9which would put
these materials amongst those conventional BCS supercon-
ductors with the highestTC’s. The antiferromagnetism is
characterized by a rich variety of phases among the different
members of the series, including simply commensurate~C!
and incommensurate~IC! structures.

In this work, we focus on the magnetic phase behavior of
one member of the series, HoNi2B2C ~TC58.5 K, TN'7 K!.
This compound is particularly interesting because it exhibits
a large reduction, or extinction, of the superconducting order
parameter10–12 in the incommensurate antiferromagnetic
phase. The low-temperature commensurate spin structure is
well understood and consists of moments aligned ferromag-
netically within thea-b planes. These ferromagnetic sheets
are stacked in alternating directions along thec axis.13,14The

ordered moment is 8.7mB .
14 In terms of the competition with

the superconductivity, the incommensurate phase is more in-
teresting, though determining the spin structure has proven
problematic.13,14 Here, we present a detailed study of the
incommensurate modulations. Our data allow a simplifica-
tion of the phenomenology of these structures and we discuss
the implications for the competition with the superconduct-
ing condensate.

We have chosen to investigate the antiferromagnetic order
using the technique of x-ray magnetic scattering, comple-
mented by high-resolution magnetic neutron diffraction. This
approach has a number of advantages. First, the reciprocal
space resolution achievable with x rays is an order of mag-
nitude better than commonly obtained with neutron diffrac-
tion, greatly facilitating the investigation of large length
scale magnetic phenomena. Second, the polarization depen-
dences of the x-ray and neutron-scattering cross sections are
different and therefore the techniques provide a useful
complement to one another in determining spin structures.
Third, resonant x-ray magnetic scattering is element specific
and therefore can separate~in this case! the Ho ordered mo-
ment from that of the Ni. Each of these advantages plays a
role in this study, revealing an incommensurate antiferro-
magnetic state that is considerably more complex than was
previously realized.

HoNi2B2C forms a tetragonal structure with lattice con-
stantsa53.51 Å andc510.53 Å atT52 K. The unit cell
consists of two Ho-C layers separated by a Ni2B2 complex.

15

The superconductivity is believed to originate in the Ni2B2
layers. On cooling through the transition atTC58 K the
superconducting order parameter is seen to increase, as mea-
sured by the upper critical field (HC2),

10,13,12until TN'7 K
when it decreases, coincident with the appearance of the IC
satellites. In earlier studies, two ordering wave vectors were
reported,qc50.915c* ~Refs. 13 and 14! andqa50.585a* .13

A third harmonic of thec-axis modulation indicates that it is
not perfectly sinusoidal.13 At TIC-C55 K, a first-order transi-
tion into the commensurate phase is observed.

Resonant x-ray magnetic scattering utilizes atomic ab-
sorption edges to obtain large enhancements in the magnetic
scattering cross section.16,17 The enhancements are largest
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when there is a substantial overlap between the initial and
excited wave functions. Here, we find the HoL III edge pro-
vides the strongest signal and the x-ray scattering data pre-
sented below were taken at this energy. The dipole terms
~i.e., 2p3/2→5d!, are expected to be dominant so that the
technique is sensitive to the polarization of the 5d bands
induced by the localized Ho 4f moments.

Single crystals of HoNi2B2C were grown at Ames Labo-
ratory using the high-temperature flux technique.11,18For the
x-ray work, a platelet of size 43430.53 mm3 was used with
a mosaic of 0.03° half width half maximum~HWHM!, as
measured by x-ray scattering. A surface, normal to thec axis,
was prepared by mechanical polishing followed by annealing
at 900 °C in high vacuum. The sample was wrapped in alu-
minum foil to eliminate local heating effects,19 and mounted
at the end of the cold finger of a closed-cycle He cryostat in
He exchange gas. A sample from the same batch was used
for the neutron work, and mounted similarly. The mosaic
spread of this sample was resolution limited, as determined
by neutron diffraction, that is less than 0.1°~HWHM!.

The x-ray experiments were performed at beamline X22C
at the National Synchrotron Light Source. This beamline is
equipped with a toroidal focusing mirror for harmonic rejec-
tion and a double bounce Ge~111! monochromator. A
Ge~111! analyzer was employed to provide a longitudinal
resolution of 631024 Å21 ~HWHM! at the ~003! position.
The scattering plane was vertical, that is perpendicular to the
plane of the electron orbit and therefore perpendicular to the
incident photon polarization. The transverse resolution was
dominated by the sample mosaic. The out-of-plane resolution
was controlled by collimating slits and was'0.01 Å21

HWHM. The neutron-scattering data reported here were
taken on the H9 spectrometer at the High Flux Beam Reactor
operating at an incident energyEi53.5 meV. The collimation
was set to 60-40-15-S-5-10, resulting in a longitudinal reso-
lution of 0.004 Å21 ~HWHM!. A pyrolytic graphite~002!
monochromator and analyzer determined the initial and final
energies, respectively. For both the x-ray and neutron work
reciprocal-lattice vectors of the form (h0l ) were accessible.

The central results of this paper are summarized in Fig. 1,
in which x-ray scattering scans taken along the (00l ) axis in
the vicinity of the ~003! antiferromagnetic Bragg peak are
shown. At low temperatures~top panel! a single, sharp peak
is observed at the~003! position corresponding to a well
ordered antiferromagnetic structure. Data analysis, outlined
below, shows ac-axis correlation length of'5300 Å. The
bottom panel shows data taken in the IC phase atT55.4 K.
The high-resolution of x-ray scattering reveals that the IC
c-axis satellite aroundQ52.915c* consists of two peaks,
one atq150.906c* and the other atq250.919c* . In addition,
ana-axis satellite withqa50.585a* is also observed at these
temperatures, in agreement with the neutron-scattering re-
sults of Ref. 13. A schematic of reciprocal space is shown in
the inset of the top panel of Fig. 1. Hered1512q1, etc. To
discount the possibility that the splitting is in some way due
to the sensitivity of x rays to the near-surface region of the
sample, high-resolution neutron diffraction was also per-
formed. These data are shown in the inset to the bottom
panel of Fig. 1. The incommensurate satellite is again seen to
be split, confirming that this behavior is representative of the
bulk. In the x-ray data, the satellite peak at 21q1 is ex-

tremely sharp, implying that this ordering extends over re-
gions well in excess of 5000 Å in size. To extract estimates
of correlation lengths, the 21q1 peak was taken to be reso-
lution limited and fitted to a Lorentzian squared line shape.
To analyze otherc-axis data we then convolved this line
shape with a Lorentzian signal function in a one-dimensional
integral. In the IC phase, the~003! peak and 21q2 satellite
are both broadened, indicating the presence of disorder in
these structures.

The temperature dependence of the~003! magnetic peak
intensity is shown in Fig. 2~a!. At low temperatures the in-
tensity is approximately constant, suggestive of a saturated
order parameter. AtT55.2 K, the intensity abruptly falls.
This coincides with the appearance of incommensurate sat-
ellite peaks, and marks the first-order C-IC transition. The
~003! intensity decays more slowly as the temperature is in-
creased further. The deconvolved width of the Lorentzian fit
is plotted in Fig. 2~b!. Below the transition it is almost reso-
lution limited. AboveT55.2 K the peak broadens, reach-

FIG. 1. Longitudinal x-ray scans in the vicinity of the~003!
antiferromagnetic reciprocal-lattice point. These data were taken
with the incident photon energy tuned to the HoL III edge.~Top!
T54.3 K. Only the commensurate peak is present. Inset. Schematic
of reciprocal space. Closed~open! circles represent charge~antifer-
romagnetic! Bragg peaks. The crosses correspond to the incommen-
surate satellites present for temperatures aboveT55.2 K. Higher-
order incommensurate peaks are not shown.~Bottom! Data taken at
T55.39 K, in the incommensurate phase. The IC peak is comprised
of two satellites at~0,0,21q1! and~0,0,21q2!. The ~003! commen-
surate peak is still present but significantly reduced and broadened.
Inset. High-resolution neutron-scattering data taken at an equivalent
temperature confirming that the splitting of the IC satellite is a bulk
effect.
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ing a correlation length ofjc5500 Å at T55.44 K. Our
inelastic neutron-scattering data suggest that the broadening
is not due to dynamic fluctuations, but to static or quasistatic
disorder. Interestingly, the size of these commensurate re-
gions is approximately the same as the incommensurate do-
mains discussed below.

The peak intensities of the three incommensurate satel-
lites are plotted in Fig. 3~a!. No incommensurate scattering is
observed belowT55.2 K. Above this temperature the in-
commensurate satellites abruptly appear with relatively large
intensities. As the temperature is raised, all three satellites
exhibit similar behaviors, peaking at, or near,T55.3 K be-
fore decreasing slowly. AboveT55.5 K only onec-axis sat-
ellite, in addition to thea-axis satellite, can be resolved.
Consequently a single Lorentzian signal function is used and
these data are plotted as shaded symbols. We emphasize that
these data were taken at the HoL III edge and therefore the
observation of both thea- andc-axis satellites is strong evi-
dence that the Ho moments participate in both modulations.

The widths of the IC satellites are plotted in Fig. 3~b!. The
c-axis peak widths were obtained using the deconvolution
procedure outlined above. However, thea-axis satellite
width is dominated by sample mosaic and these data were
not deconvolved. There is no observable change in this
width, to within errors. The temperature dependence of the
d1 andd2 satellite widths is intriguing.d1 remains resolution
limited at all temperatures for which it may be resolved,
indicative of an extremely well-ordered structure. Indeed
there is some evidence that it is more highly ordered than the
low-temperature commensurate structure@perhaps reflecting
a coupling of the commensurate order parameter in

HoNi2B2C to random strains in the sample, as has been ob-
served for the spiral order parameter in pure Ho~Ref. 20!#.
The d2 modulation is disordered with a correlation length
similar to the ~003! domains at similar temperatures, e.g.,
jc~d2!5600 Å atT55.44 K.

In Fig. 4, the modulation wave vectors,d1, d2, andda are
plotted as a function of temperature. Thec-axis modulations
were calculated with respect to the~004! Bragg peak posi-
tion, which remains fixed over this temperature range; the
thermal expansion of thec-axis lattice constant is minimal
and was ignored in this analysis. Thea-axis modulation,da ,
is plotted in units ofa* and again thermal expansion is as-
sumed negligible. We find all three modulations to be tem-
perature dependent.~Interestingly, in the temperature region
in which bothd1 andd2 are resolved, there is a linear rela-
tionship between the two; the change ind2 is five times that
of d1, a result also seen in our high-resolution neutron data.
The significance of this correlation is not clear.! At high tem-

FIG. 2. Temperature dependence of the~003! commensurate
antiferromagnetic Bragg peak.~a! The peak intensity.~b! The de-
convolved width~see text!, k of a Lorentzian line shape. The solid
line is a guide to the eye.

FIG. 3. Temperature dependence of the incommensurate satel-
lites. ~Top! Peak intensities. The open~closed! circles represent the
q1 ~q2! satellites. The shaded circles represent data for which the
two could not be resolved and were consequently fit to a single
peak. The open squares represent the peak intensity of thea-axis
satellite as measured at~qa ,0,7!. ~Bottom! The widths,k of Lorent-
zian fits to thec-axis satellites. Thea-axis satellites widths are the
result of Lorentzian-squared fits.
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peratures thec-axis modulation wave vector appears to
lock-in to a value close to 0.09.

We now turn to a discussion of the spin structure in the
incommensurate phase. This is seemingly complex, with four
independent wave vectors to account for. However, our data
allow some simplification.

First, the scattering that is the apparent remnant of the
~003! commensurate peak is in fact no longer commensurate
with the average bulk lattice, but shifts to progressively
smaller l as the temperature is raised. In addition, the peak
becomes weaker and broader. Similar behavior was observed
in the x-ray magnetic scattering near the first-order antifer-
romagnetic transition of UO2.

21 In this case, the effect of
near-surface strains nucleating finite-sized ordered domains
was considered to explain the shift and broadening observed
aboveTN , the so-called ‘‘two-length scale problem.’’A simi-
lar explanation may apply here. A surface bias to the location
of such strains would explain the relatively weak~003! in-
tensity in the neutron data.22 In this picture, the remnant
commensurate scattering arises from domains of the low-
temperature phase and does not coexist microscopically with
the IC modulations, that is the IC domains do not simulta-
neously support the commensurate remnants.

The next question to address is whether thec- anda-axis
modulations correspond to distinct domains, or if they form a
double-Q structure. An extensive search was carried out for
third harmonic satellites of the form 2qc1qa or 2qa1qc ,
using neutron diffraction. These can only be present if the
modulations arise from a single spin structure. No such
peaks were observed, leading to an upper bound on their
intensity of 231024 of the fundamental. In contrast, the in-
tensity of the 3dc peak is 331022 of the fundamental. We
also find that the phase behaviors of the two modulations are

different in ab-axis applied field. We, therefore, tentatively
conclude that thea-axis andc-axis modulations correspond
to separate domains.

One is now left with two distinct IC spin structures to
describe. Taking thea-axis modulation first, we note that
modulations of similar wave vector have been observed in
the Er (da50.553a* ) ~Refs. 23 and 24! and Gd
(da50.553a* ) ~Ref. 25! members of the series. Both com-
pounds form transversely polarized sinusoidal modulations.
The similarity of the wave vectors in the three materials,
together with band-structure calculations26 which show a
peak in the susceptibility nearQ50.6a* in LuNi2B2C, due to
a nesting of the Fermi surface, suggest a common origin to
this modulation. In HoNi2B2C, the apparent coexistence of
thea- andc-axis modulations implies that the two structures
have closely similar free energies. In such a situation, re-
gions of each phase may be stabilized by, e.g., strain, lattice
defects or impurities. Given the large correlation length ob-
served in the x-ray experiments, these regions must be rela-
tively large in agreement with previous single-crystal
neutron-scattering measurements. The influence of strain
may help explain some of the discrepancies between the
single crystal and powder neutron work.13,14

The complementarity of the x-ray and neutron-scattering
data provide constraints on the structure of thea-axis modu-
lation. The neutron cross section is sensitive to the compo-
nents of the moment perpendicular to the momentum trans-
fer, hence the presence of the~da ,0,0! satellite requires a
transverse ordered moment. At the same time, the resonant
cross section27 requires an ordered moment in thea-c plane
to produce the observed~12da ,0,7! satellite. These observa-
tions, together with magnetization measurements which im-
ply that the moments lie in the basal plane,11 suggest the
existence of a longitudinal component~i.e., alonga* ! as well
as the transverse component~b* ! seen in Er and Gd.25 De-
pending on the relative phase of the two components, the
resulting structure is either an in-plane spiral, or a linear
modulation with the moments at a fixed angle to theb axis.

Thec-axis structure consists of a well ordered incommen-
surate structure together with a disordered structure of
slightly different wavelength. Both neutron~see also Refs. 13
and 14! and x-ray polarization dependences are consistent
with a basal plane spiral, with a temperature-dependent turn
angle of'163° per layer.

As mentioned in the introduction, the incommensurate
phase coincides with a deep suppression ofHC2. Such a
suppression, although not common, has been seen before
near antiferromagnetic transitions of someRMo6S8
compounds28 and cannot be explained in terms of the mul-
tiple pair-breaking theory of Fulde and Maki.29An additional
pair-breaking mechanism has been postulated28 which ap-
pears to scale like the antiferromagnetic order parameter.
Such a mechanism may be in effect here, perhaps associated
with the incommensurate order parameter.12,13,11,18Alterna-
tively, it is possible that the origin of the dip lies in the
incommensurate modulations. Previously, IC structures have
been associated with the competition between superconduc-
tivity and ferromagnetism. However, this is not the case in
RNi2B2C, as the presence of such modulations in nonsuper-
conducting members of the series demonstrates. If this state
is responsible for the reduction inHC2, then it may be con-

FIG. 4. Temperature dependence of the incommensurate wave
vectors. Thec-axis satellite wave vectorsd1 and d2 ~open and
closed circles, respectively! are referred to the left-hand scale. The
open squares represent thea-axis satellite position and have not
been corrected for any expansion of the lattice. They are referred to
the right-hand scale. Note they-axis scale size is identical for left-
and right-hand axes.
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nected with the Fermi-surface nesting mentioned above. In-
deed, pair-breaking mechanisms based on nesting properties
do exist.30,31A caveat to such speculations, however, is the
richness of the temperature and magnetic-field phase
diagram12 which suggests that the energy balance between
the numerous competing ground states is quite delicate.
Subtle details in the Fermi surface, or even lattice defects
may then be important and may result in changes in the
electronic structure. This would preclude qualitative argu-
ments and detailed calculations specific to HoNi2B2C may be
required.

In summary, we have performed high-resolution x-ray and
neutron-scattering studies of the antiferromagnetism of
HoNi2B2C. We find that the incommensurate state consists of
a number of coexisting phases. These include, an in-plane
modulation with propagation vector along thea axis, which

shares some common features with the low-temperature
structures of ErNi2B2C and GdNi2B2C; a c-axis basal plane
spiral-like structure, which is revealed to consist of two wave
vectors, one of which is highly ordered; and some residual
short-range-ordered, static, commensurate regions, perhaps
resulting from strain. The close interplay between the C and
IC antiferromagnetic states and the superconductivity remain
to be understood, even qualitatively, and should provide an
interesting test case for theories of antiferromagnetic super-
conductors.
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