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Resonant and nonresonant x-ray magnetic scattering techniques have been used to study the low-temperature
magnetic structure of GdNi2B2C. Taken together, these measurements allow a determination of the ordered
moment direction and its evolution with temperature from a single orientation of the sample. The experimental
results show that below approximately 19.4 K this compound forms an incommensurate antiferromagnetic state
with a magnetic wave vector of approximately 0.55a! ~ b!) in the basal plane of the tetragonal structure.
Between 19.4 and 13.6 K, the ordered moment is along theb ~ a! axis. Below approximately 13.6 K an ordered
component of the moment develops along thec axis.

I. INTRODUCTION

The study of the physical properties of the recently
discovered1–5 superconducting rare-earth nickel boride car-
bidesRNi 2B2C (R 5 rare earth! can provide further insight
into the interplay between superconductivity and magnetism.
The structure of these compounds is tetragonal~space group
I4/mmm), consisting ofRC layers separated by Ni2B2

sheets.3 Superconductivity has been reported in these com-
pounds not only for the nonmagnetic rare-earth elements, but
also for some magnetic rare-earth elements including Tm
(TC 5 10.8 K!,6 Er (TC 5 10.5 K!,7 Ho (TC 5 8.5 K!,8

and, most recently, Dy (TC 5 6.2 K!.9 Previous neutron
diffraction studies of the magnetic structure of super-
conducting members of theRNi 2B2C family including
HoNi2B2C,

10,11 ErNi2B2C,
12,13 and DyNi2B2C ~Ref. 14!

have also been reported.
For HoNi2B2C,

10,11 below approximately 4.7 K, the Ho
moments are ordered in a simple antiferromagnetic structure.
The moments are aligned ferromagnetically in each basal
plane layer with the magnetic moments of two consecutive
layers aligned in opposite directions. The most interesting
result of these studies, however, was the appearance of a
transient incommensurate magnetic phase, characterized
by two magnetic wave vectors,q a 5 0.585a! and q c 5
0.915c!, in the narrow temperature range between 4.7 and
6 K. It was suggested10 that pair breaking associated with the
transient magnetic structure~s! may be responsible for the
deep minimum inHc2 and the almost reentrant behavior ob-
served in this compound at approximately 5 K.5,15,16 In
DyNi 2B2C,

14 below 10 K, the moments order in the simple
antiferromagnetic structure found in the Ho-based compound
at low temperature. Finally, in ErNi2B2C,

12,13 below 6 K,
the moments order in an incommensurate modulated struc-
ture with wave vectorq a 5 0.553a!, similar to one of the
transient ordered structures found in the Ho-based com-
pound.

For all of the above members of theRNi 2B2C family,
superconductivity coexists with magnetic ordering over
some temperature range.17 In addition, there are substantial
crystal electric field~CEF! effects.7,15,17,18 It is, therefore,
also interesting to investigate the magnetic structures present
in members, such as GdNi2B2C, which order in the absence
of superconductivity. Band structure calculations19 of the
generalized susceptibilityx(q) for LuNi 2B2C show a pro-
nounced peak for a wave vector of approximately 0.6a! ~or,
equivalently, 0.6b !). These calculations suggest that the
modulated structure with the wave vector alonga! ~ b !) and
magnitude close to 0.6 is a common feature of these com-
pounds and can be attributed to a nesting feature of
their Fermi surfaces. Within this group of compounds,
GdNi2B2C is most likely to order with wave vectors consis-
tent with thex(q… calculations, due to the absence of the
aforementioned CEF effects.

In this paper, we report the results of x-ray resonant ex-
change scattering20,21 ~XRES! and nonresonant22–24 x-ray
magnetic diffraction measurements on GdNi2B2C. While
this compound is not superconducting above T5 2 K, it
presents interesting behavior below its magnetic ordering
temperature.25 Specifically, magnetization measurements on
powder samples exhibit a single phase transition at about 20
K to a magnetic state, while the measurements on oriented
single crystals show two distinct transitions, the first atTN
' 20 K and the second at TR ' 14 K, as shown in Fig. 1.
The polycrystalline average,xpoly51/3xHic12/3xH'c , of
the single-crystal data is in good agreement with the powder
measurements, suggesting that the transition at about 14 K
arises from a spin reorientation that preserves the sublattice
magnetization.25 An overall decrease of the magnetic order-
ing temperatures was observed when Co was substituted for
Ni.26

For this particular system, x-ray magnetic scattering mea-
surements offer distinct advantages over the more common
neutron diffraction techniques. First of all, since natural Gd
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strongly absorbs neutrons, a very costly substitution of the
nonabsorbing isotopes156,158,160Gd would be necessary for
neutron measurements. Second, the order-of-magnitude in-
crease in theQ resolution afforded by x-ray measurements at
synchrotron sources allows a more detailed investigation of
the behavior of the magnetic structure over large~several
micrometer! length scales. Indeed, very recent XRES studies
of HoNi 2B2C have shown that the magnetic structure in the
intermediate temperature range, between 4.7 K and about
6 K, is considerably more complex than was previously
realized.27 Finally, as detailed below, the resonant and non-
resonant x-ray scattering cross sections have different sensi-
tivities to the spatial components of the ordered moment.24,28

The measurement of both allows a more complete picture of
the magnetic structure and its evolution with temperature to
be determined from a single scattering geometry without re-
orientation of the sample.

Our experiments show that belowTN 5 19.4 K
GdNi2B2C undergoes a transition to an incommensurate
magnetic state characterized by a wave vectorq a
5 0.55a! ~0.55b!!, similar to the in-plane incommensurate
ordering found in the Ho- and Er-based compounds.10–13Be-
tween 19.4 K and 13.6 K, the direction of the ordered mag-
netic moment is along theb~a! axis. As the temperature is
lowered, the magnetic wave vector decreases continuously
from 0.551 reciprocal lattice units~r.l.u.! to 0.550 r.l.u. until,
at approximately 13.6 K, it starts to increase. At 3.5 K, the
lowest temperature reached in this experiment, the wave vec-
tor of the modulation was determined to be 0.553 r.l.u. This

rather dramatic reversal in direction of the temperature de-
pendence of the wave vector is coincident with the appear-
ance of a component of the ordered moment along thec axis.

II. EXPERIMENTAL DETAILS

Single crystals of GdNi2B2C were grown at the Ames
Laboratory using a high-temperature flux growth
technique.15,7 Platelets extracted from the flux were exam-
ined with x rays and were found to be single crystals of high
quality with the c axis perpendicular to their flat surface.
Magnetization measurements as a function of temperature
and magnetic field were performed using a Quantum Design
superconducting quantum interference device~SQUID! mag-
netometer on single crystals from the same batch as those
used in the x-ray experiments. The details of these measure-
ments have been reported elsewhere.25 One edge of the
sample~perpendicular to one of the in-plane axes! was me-
chanically polished to remove any residual flux from the
surface and to obtain a flat surface for x-ray diffraction. After
polishing, the crystal was annealed at 900 °C in a vacuum of
1027 torr for 36 h. The sample dimensions after polishing
were approximately 43330.75 mm3.

The synchrotron experiments were carried out at the
bending magnet beamline X22C of the National Synchrotron
Light Source, using a Ge~111! double crystal monochromator
and an asymmetric cut Ge~111! analyzer. A Ni-coated toroi-
dal focusing mirror upstream of the monochromator was
used to eliminate higher harmonics in the incident beam. The
sample was mounted on the cold finger of a Heliplex closed
cycle refrigerator~base temperature 3.5 K! and oriented so
that the (h0l ) zone was coincident with the vertical scatter-
ing plane of the diffractometer~Fig. 2!. The mosaic spread of
the (h00) reflections was characterized by a full width at half
maximum~FWHM! of 0.06°.

The resonant scattering technique20,21 utilizes atomic ab-
sorption edges to obtain large enhancements in the magnetic
scattering cross section. For the sample orientation shown in
Fig. 2, and the incident x-ray beam linearly polarized perpen-
dicular to the scattering plane, the XRES cross section for
dipole transitions~i.e., 2p↔5d) may be related to the com-
ponents of the magnetic moment in the scattering plane28 by

I}
~Masinu2Mccosu!2sinu

sin2u
, ~1!

FIG. 1. ~a! The magnetization data taken on powdered single-
crystal samples are in good agreement with the polycrystalline av-
erage over the two single-crystal measurements withH i c and
H ' c, respectively. The antiferromagnetic ordering at the Ne´el
temperatureTN ' 20 K is clearly visible.~b! The single-crystal
magnetization data reveal a second phase transition atTR ' 14 K.
The constant susceptibility forH i c between the two transitions
suggests that, in this temperature range, the magnetic moments are
perpendicular to thec axis. The dashed lines indicate the two tran-
sition temperatures.

FIG. 2. The scattering geometry used in the present measure-
ments with respect to thea, b, andc axes of the sample, using the
convention of Blume and Gibbs~Ref. 24!. The incident x-ray po-
larization is directed out of the scattering plane (s polarization!,
along theb axis.
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whereMa andMc represent the components of the magnetic
moment along thea andc axes, respectively, and 2u is the
Bragg angle. The Lorentz factor, 1/sin2u, as well as an an-
gular factor required to correct for the fraction of the incident
beam intercepted by the edge of the sample, sinu, are in-
cluded to allow a comparison between the calculated cross
section and the measured integrated intensityI . Equation~1!
contains only the angular dependence of the polarization fac-
tors. Although there is no magnetic form factor in the usual
sense, it is conceivable that the matrix elements of the tran-
sitions show someQ dependence. In the absence of any de-
tailed calculations, however, we have ignored such effects
here. Note that in the present geometry and in the absence of
an in-plane (p) polarized component of the incident beam,
the resonant scattering measurements are insensitive to the
component of the ordered moment along theb axis, perpen-
dicular to the scattering plane.

For the scattering arrangement described above, the non-
resonant intensity may be written as22–24

I

u fmag~Q!u2
}

sinu

sin2u
$Sb

2sin22u14sin4u@Sasinu

1~Lc1Sc!cosu#2%. ~2!

Sa,b,c andLa,b,c denote the components of the spin and or-
bital angular momentum along the corresponding axes, re-
spectively. We assume here that the Ni moments, even if
present, make a negligible contribution to the magnetic
scattering.12,26 Therefore, the nonresonant magnetic form
factor fmag(Q) should be determined by the 4f electrons of
Gd, for which the orbital momentumLa,b,c can be neglected.
For our analysis, we have used calculations of the Gd 4f
magnetic form factor based on a relativistic Dirac-Fock
model.29

The important point here is that, in contrast to the XRES
cross section, nonresonant scattering primarily probes theb
component of the moment at low-Q satellites~small 2u) and
all three components at high-Q satellites~large 2u). Thus,
with a judicious choice of satellites, all components of the
moment may be studied with a single orientation of the crys-
tal by combining resonant and nonresonant scattering data.

III. RESULTS AND DISCUSSION

Above the Ne´el temperature, as determined from the mag-
netization measurements, only charge reflections (h,k,l )
with h1k1 l52n were observed. As the temperature was
lowered below 19.4 K, additional scattering developed as
satellites of the charge peaks at (h6qa ,k,l ) ~Fig. 3! with
qa ranging from 0.550 to 0.553 over the temperature range
studied. The equivalence of thea! andb ! directions in the
tetragonal system also implies the existence of magnetic sat-
ellites at (h,k6qb ,l ) with qb 5 qa . However, the alignment
of the crystal in the (h0l ) zone did not allow us to investi-
gate these peaks. Careful scans along the in-plane and out-
of-plane directions did not reveal any additional scattering
below 19.4 K that is not associated with the satellite reflec-
tions mentioned above.

Figure 4 shows energy scans of the~2,0,0! charge reflec-
tion and the (22qa,0,0) magnetic satellite across the Gd

L2,3 absorption edges atT 5 4 K. In both cases, the maxi-
mum resonant enhancement is observed slightly above the
corresponding absorption edge~defined by the maximum
slope in the charge reflection data!, indicating the electric
dipole character of the electronic transitions involved. In the
case of electric quadrupole transitions (2p↔4 f ) the maxi-
mum resonant enhancement is generally observed several eV
below the absorption edge20,21 due to the stronger Coulomb
interaction between the 4f electrons and the 2p core hole.
No resonant enhancement was observed at the GdL1 edge.
All the resonant data presented in this paper were taken at
the GdL2 resonance where the maximum count rate in the
magnetic reflection was achieved. For the ‘‘nonresonant’’
scans we chose an incident energy of 7.0 keV, which lies

FIG. 3. The (h0l ) reciprocal space plane showing the points
associated with charge scattering~filled circles!, and the points as-
sociated with the wave vector of the magnetic modulationqa
' 0.55a! ~shaded circles!.

FIG. 4. Energy scans of the (2,0,0) charge~a! and ~b! and the
(22qa,0,0) magnetic reflections~c! and ~d! across the GdL3 and
Gd L2 absorption edges. In both cases, the maximum resonant en-
hancement lies slightly above the corresponding absorption edge
observed in the charge reflections. This indicates the electric dipole
character of the associated electronic transitions.
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below all three GdL absorption edges, to minimize absorp-
tion and the fluorescence background. It is worth noting that,
although this energy is approximately 200 eV below theL3
edge, there may still be resonant contributions to the scatter-
ing. We estimate that these interference effects are,4% of
the signal, based upon simple numerical models.20

Figures 5, 6, and 7 summarize the results of our study of
the temperature dependence of the magnetic scattering from
GdNi2B2C. Figures 5 and 6 show selected scans of the non-
resonant and resonant scattering at the (22qa,0,0) satellite,
respectively, while Fig. 7 summarizes the full data set by
plotting the positionqa , peak intensityP, and longitudinal
width w of the satellite as a function of temperature from fits
to the data. Before describing the details of these data and the
fits, we point out some of the essential features of the mag-
netic structure of GdNi2B2C as determined by these mea-
surements.

As shown in Figs. 4, 6, and 7, the low-temperature
(T<13.6 K! scans of the (22qa,0,0) peak taken at the Gd
L2 energy exhibit a strong resonant scattering contribution.
Above approximately 13.6 K, however, the resonant en-
hancement of the magnetic scattering is essentially absent
@see Fig. 7~e!# so that the intensity and line shape of the
magnetic scattering observed at the GdL2 edge are compa-
rable to the nonresonant data set taken at 7.0 keV. Energy
scans showed only a slight resonant enhancement above
13.6 K which we attribute to a smallp-polarized component
in the incident x-ray beam.30 The nonresonant magnetic scat-

tering persists up to 19.4 K, the Ne´el temperature determined
from magnetization measurements.

From Eqs.~1! and~2!, the absence of significant resonant
scattering at the magnetic wave vector between 13.6 K and
19.4 K and the presence of nonresonant scattering imply that,
in this temperature region, the ordered moment is oriented in

FIG. 5. Selected scans of the measurements of nonresonant
magnetic scattering at the (22qa,0,0) reflection taken at an energy
of 7.0 keV. The lines represent the results of the fits described in the
text. To increase the visibility of a second peak, part of the data has
been multiplied by 5~solid circles!.

FIG. 6. Selected scans of the measurements of the XRES at the
(22qa,0,0) magnetic reflection taken at the GdL2 absorption edge.
The inset shows some of the resonant scans on an expanded inten-
sity scale. Note the presence of a broad and sharp component at
13.5 K, and the reversal in the motion of the magnetic satellite.

FIG. 7. The results of fits to the complete data set obtained from
the nonresonant~a!–~c! and resonant~d!–~f! measurements show-
ing the evolution of position, intensity, and width of these peaks.
The transition temperatures observed in the resonant and nonreso-
nant intensities areTR 5 13.66 0.1 K andTN 5 19.46 0.3 K,
respectively.
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the basal plane and transverse to the modulation wave vector
~e.g., M ib for the a-axis modulation!, as was found for
ErNi2B2C by neutron diffraction.12,13 Below 13.6 K, how-
ever, the observation of resonant enhancement implies that
an ordered component of the moment exists in the scattering
~a,c! plane.

In order to determine, more precisely, the direction of the
moment below 13.6 K, we have carefully measured the inte-
grated intensity of a series of satellites along thea! axis both
on and off the resonance condition at the lowest temperature
accessible~3.5 K!. To ensure that we actually recorded the
full integrated intensity, the analyzer crystal was removed
and all slits downstream of the sample were opened until
2u andx scans displayed a plateau for all diffraction peaks
that were studied. The integrated intensitiesI measured by
rocking the crystal at a fixed scattering angle are shown in
Fig. 8. With the exception of the lowest-angle satellite,31 the
Q dependence of the resonant scattering@Fig. 8~b!# is well
described by a component of the ordered moment along thec
axis. TheQ dependence of the nonresonant scattering@Fig.
8~a!# is well described by a component of the moment along
theb axis.

From these measurements, we deduce that below 13.6 K
the moment remains transverse to the propagation direction
and acquires a component out of the basal plane. We cannot,
however, determine the relative phase shiftDf between the
two components of the moment at low temperature from the
present measurements. The magnetic structure may be de-
scribed in one of two ways, as sketched in Fig. 9:

~a! If the two components are in phase (Df50), the
structure is a transverse spin modulation as described above

for 13.6 K,T,19.4 K, but with the moment rotated away
from theb axis in the~ b, c! plane~for the modulation along
the a axis!, as shown in Fig. 9~a!. In this case, the stronger
decrease of thec component of the moment with increasing
temperature corresponds to a decrease in the angle between
the moment and theb axis until, at 13.6 K, the moments lock
in along theb axis.

~b! If the components are out of phase (DfÞ0), a modi-
fied spiral-like structure results. Different magnitudes of the
b and c components of the spin would lead to an elliptical
projection onto the~b,c! plane@see Fig. 9~b!#. With the dis-
appearance of thec component at 13.6 K this structure is
degenerate with the planar spin modulation described above.
The low symmetry (2mm) of the @100# direction is likely to
induce fanning or bunching of the spiral which, in turn, will
result in a rich spectrum of higher-harmonic satellites. How-
ever, the determination of the relative phaseDf will have to
await further measurements of higher harmonic satellites by
neutron or XRES experiments.

Having described the basic elements of the magnetic
structures observed in GdNi2B2C below TN519.4 K, we
briefly discuss some other features found in the XRES and
nonresonant scattering data of Figs. 5, 6, and 7.

The nonresonant data are adequately fitted using a
Lorentzian-squared line shape. This line shape was chosen
simply as an empirical description of the data. The resolution
function was not deconvolved from the data. The results of
these fits to the nonresonant scattering data are shown in Fig.
7, where we plot the positionqa@7~a!#, peak intensityP
@7~b!#, and longitudinal width,w @7~c!# of the peak.

The fits had to be modified to achieve reasonable agree-
ment with the XRES data. The appearance of two clearly
distinguishable peaks between 14 K and 15 K~see the inset
in Fig. 6! motivated us to include two peaks in all fits below
15 K, where a single peak was not sufficient to approximate
the data. Below 13.6 K, all scans show strongly asymmetric
line shapes. The physical reasons for this asymmetry are not
fully understood, especially since neither the nonresonant
magnetic scattering nor the charge reflections exhibit signifi-
cant asymmetry. Most likely it is due to strain in the near
surface layers. We point out that the resonant scattering mea-
surements are more sensitive to the near surface region as a

FIG. 8. TheQ dependence of the integrated intensity of mag-
netic satellites along the@h,0,0# direction at 3.6 K, obtained off
resonance~a! and on resonance~b!. The lines show theQ depen-
dence of the integrated intensity expected from Eqs.~1! and~2! for
ordered components of the Gd 5d magnetic momentM and the Gd
4 f spinS along thea ~———!, b ~- • - • -!, andc axis ~– – –!,
respectively.

FIG. 9. The two components of the ordered magnetic moment
along theb and c axes feature the same modulation wave vector
qa'0.55a!. However, our measurements did not yield any
information on the relative phase shiftDf between the two oscil-
lations. Two possible structures withDf5p @spiral-like, ~a!# and
Df50 @transverse wave,~b!# are displayed here.
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result of the strong absorption effects at theL2 edge. Never-
theless, reasonable fits to the resonant data were achieved by
including asymmetry in both peaks. To minimize the number
of free parameters, the asymmetry and the background were
fixed for all temperatures. The results of these fits are pre-
sented in Fig. 7~d!, 7~e!, and 7~f!. The filled circles indicate
the positionqa1 , peak intensityP1 and longitudinal width
w1 of the first peak, while the shaded circles indicate the
corresponding parameters of the second peak. Above 15 K,
the intensity of the second peak was constrained to be
P250.

Figures 7~a! and 7~d! show the magnitude of the modula-
tion wave vectorq a measured at the (22qa,0,0) satellite, as
a function of temperature. It decreases with decreasing tem-
perature until, at approximately 13.6 K, this movement re-
verses direction. Below this temperature, a second reflection
with lower, but finite intensity~solid circles in Fig. 5! indi-
cates that a small fraction of the sample does not undergo the
second transition at 13.6 K. Instead, the modulation wave
vector of these domains continues to decrease with decreas-
ing temperature. The reversal in the motion of the magnetic
satellite is reminiscent of what is observed at the transition in
pure Er from ac-axis-modulated~CAM! structure~with the
ordered moment along thec axis! above 52 K to a cycloidal
structure between 52 K and 18 K, upon the development of a
component of the ordered moment in the basal plane.30,32–34

Finally, we turn our attention to the transition at 13.6 K.
In a narrow range around this temperature, the data taken at
the Gd L2 edge are best characterized by two peaks, one
broad and the other sharp, as shown in Figs. 6 and 7. The
presence of two peaks in the resonant scattering measure-
ments is reminiscent of earlier measurements27 of the XRES
from HoNi2B2C. These experiments and theoretical
arguments35 suggest that the origin of a second peak of lower

intensity and broader width might be related to structural
defects or strain in the ‘‘near surface’’ region of the sample.

IV. SUMMARY

Resonant and nonresonant magnetic x-ray scattering tech-
niques have been applied to determine the magnetic structure
of GdNi2B2C. We find that below the Ne´el temperature,
TN 5 19.4 K, the magnetic moments order in a
transverse spin modulation with a wave vectorq a
'0.55a!~0.55b !). A second phase transition occurs at about
13.6 K. Between 19.4 K and 13.6 K, the ordered magnetic
moment lies in the basal plane of the tetragonal structure,
along theb~ a! axis. In this temperature range, the modula-
tion wave vector decreases with decreasing temperature. Be-
low 13.6 K, an additional component along thec direction
develops while the modulation wave vector increases with
decreasing temperature. Our findings are in good agreement
with the magnetization measurements on single crystals de-
scribed in the Introduction25 and provide further information
about the systematics of magnetic ordering in the
RNi 2B2C family. In particular, the nesting vector close to
0.6 r.l.u. appears to be a general feature of this class of com-
pounds, as predicted by theory.19
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