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Inelastic neutron scattering is used to quantify the Gd–Co exchange interaction in GdCo4B. A
significant reduction is observed in comparison with the GdCo5 compound. A mean value of 130 T
is obtained for the exchange field on the two Gd sites in GdCo4B. The experimental results are
compared with density-functional calculations. The local atomic magnetic moments calculated
using the LSDA+U approximation are reported for each atomic site of the GdCo4B crystal
structure. These calculations demonstrate that the two nonequivalent Gd crystal sites experience a
significantly different exchange interaction, a difference that is discussed in the light of the local
atomic environment. The observed reduction of the exchange field occurring upon substituting B for
Co in GdCo5 is mainly caused by the decrease of the Co magnetic moment, whereas the Gd–Co
coupling constant is found to be almost the same in both GdCo5 and GdCo4B. © 2008 American

Institute of Physics. �DOI: 10.1063/1.2953099�

I. INTRODUCTION

Intermetallic compounds based on rare-earth �R� and
transition metal �T� form an important class of materials ex-
hibiting numerous applications such as permanent magnets,
magnetostrictive devices, or magneto-optical recording. The
outstanding magnetic properties of these materials result
from the combination of the different magnetic features of
the localised 4f electronic states of the rare earth and the
itinerant 3d states of the transition metal. Naturally, a key
role in these combined systems is played by the 3d-4f ex-
change interaction, which mediates the interplay of the two
magnetic subsystems. It is therefore of major interest to
study this interaction quantitatively. The exchange interac-
tion between the R and T magnetic moments is indirect and
involves both intra-atomic interaction between the 4f and 5d

states of the R element and interatomic interaction between
the 3d and 5d spins. It is thus not straightforward to know a

priori the magnitude of these R-T interactions, especially
when several nonequivalent R sites are present in the struc-
ture.

Several experimental procedures can be used to access
the intersublattice exchange interaction.

�i� Phenomenological analysis of Curie temperature in a
series of isotype compounds with magnetic as well as
nonmagnetic R.1–6 This method is general but has
proved to be inaccurate.

�ii� Fitting the experimental thermal dependence of the

magnetization with a Brillouin function can also be
used,6 leading to a rough estimation of the molecular
field coefficients.

�iii� High field free-powder method has also been used
extensively.7–9 High field measurements on free
single-crystalline spheres are more accurate.10

�iv� When single crystals are available, the intersublattice
coupling strength can be derived by analyzing the low
temperature magnetic isotherms measured along the
main crystallographic axis.11

�v� Rare-earth elements having suitable Mössbauer nuclei
can also be used.12 This method is however restricted
to a limited number of rare-earth elements.

�vi� Finally, inelastic neutron scattering can be used13,14 as
a direct measurement of the exchange field experi-
enced at the Gd site in Gd containing compounds.14–16

The exchange field can also be derived from intermul-
tiplet transitions in Sm.17,18

Density-functional calculations have been employed to
evaluate the intersublattice exchange interaction at the rare-
earth site.19,20 Recently, this method has been successfully
used in the GdCo5 compound10 and results have been com-
pared with high field measurements on single crystal.

Here we report on results of inelastic neutron scattering
experiments on GdCo4B and related density-functional cal-
culations of the Gd–Co exchange interactions. The purpose
of the present study is first to investigate the effect of boron
for cobalt substitution on the Gd–Co exchange interaction by
comparison of the GdCo4B and GdCo5 compounds and sec-a�Electronic mail: olivier.isnard@grenoble.cnrs.fr.
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ond to probe the effect of the local atomic environment on
the exchange interaction experienced at nonequivalent Gd
crystal sites.

Indeed it is possible to substitute boron for cobalt in
RCo5 to obtain the family of compounds Rn+1Co3n+5B2n, with
n=0,1 ,2 ,3 ,�, which form a unique series of crystal struc-
tures changing with n.21 All these structures are derived from
the CaCu5-type structure and can be described by an ordered
substitution of B for Co in RCo5. Consequently, these com-
pounds are excellent candidates for investigating the mag-
netic properties of the Co and R sublattice in the R-T-B
intermetallics. In the Rn+1Co3n+5B2n system the ordering tem-
perature and the Co moment decrease dramatically as n

increases.22–25 The Curie temperatures of Yn+1Co3n+5B2n are
985, 380, 345, and 310 K for n=0, 1, 2, and 3 respectively.
The compound YCo3B2 �n=�� is even paramagnetic at all
temperatures.23,26

As can be seen from Fig. 1, the series RCo4B �n=1� is
obtained by the ordered substitution of boron for cobalt in
every second layer of the RCo5 structure. An important ex-
ample is the compound SmCo4B, which exhibits some char-
acteristics of a hard magnetic material.23,27

II. EXPERIMENTAL DETAILS

A. Sample preparation

The polycrystalline GdCo4B sample was prepared in an
arc furnace and then remelted by induction melting tech-
nique. Both meltings have been performed in a cold copper
crucible under argon atmosphere, using elements of purity
better than 99.95% for gadolinium and for cobalt. The boron
used was 11B from Euriso-Top S.A.28 In order to improve the
sample homogeneity and crystallization, small segments of
the resulting ingot were wrapped in tantalum foil, sealed in
an evacuated silica tube, annealed at 1173 K for two weeks,
and then water quenched.

Sample quality was tested by thermomagnetic measure-
ments. Only one magnetic transition has been observed, in-
dicating that the sample is single phase. This result has been
confirmed using x-ray diffractometry. The homogeneity of
the sample was checked by conventional x-ray powder dif-
fraction with copper K� radiation. High accuracy lattice pa-
rameters were determined with a Guinier-type focusing cam-
era equipped with a monochromatic x-ray beam containing

only K�1 radiation. Silicon was added to the powder sample
and used as an internal standard. The diffraction patterns
were recorded on x-ray film that was subsequently scanned
with 20 �m steps in order to extract the relative diffraction
intensities. The indexing of the Bragg peaks was performed
on a hexagonal unit cell compatible with the P6 /mmm space
group. The lattice parameters were then obtained by a least
squares refinement using all the 25 observed Bragg reflec-
tions: a=5.058�2� Å and c=6.892�2� Å.

B. Inelastic neutron scattering

The experiment was performed on the high-energy trans-
fer �HET� spectrometer at the UK spallation neutron source
ISIS of the Rutherford Appleton Laboratory. HET is a direct
geometry chopper spectrometer29 equipped with four 3He de-
tector banks, one lying at 4 m from the sample and covering
a full scattering angle range �=3° –7°, and another is lo-
cated at 2.5 m from the sample and spans an angular range
of 10°–30°. The other two provide data at large angles, �

=115° and �=135°. Incident energies from 30 to 2000 meV
may be selected at the sample position by phasing a Fermi
chopper to the 50 Hz source proton pulse. The neutron flux
and resolution of the spectrometer can be varied by choosing
different slit packages and rotation frequencies �in multiples
of 50 Hz� for the chopper. This gives a wide choice of ex-
perimental configurations with high-energy resolution and
small scattering vector Q. The scattering function S�Q ,�� is
obtained by sorting the signals from the detectors according
to the scattering angle and the neutron time of flight. In the
present experiment, the frequency of the Fermi chopper was
set to its maximum value of 600 Hz. This has led to a full
width at half maximum of about 8 meV. Correction for the
efficiency of the detectors was done using the scattering of a
neutron white beam with a vanadium sample as standard.
The GdCo4B sample consisted of approximately 15 g of
polycrystalline powder mounted in aluminum can onto the
cold plate of a closed-cycle refrigerator. Measurements were
performed at 15 K with an incident energy of 250 meV. At
15 K, the GdCo4B sample was magnetically ordered and can
be considered as carrying its fully saturated magnetization.
The specimen was prepared using Gd with natural isotopic
composition, even though the presence of the strong 155Gd
and 157Gd neutron absorption cross sections is not favorable.
However, with the chosen incident energy, both incident and
scattered neutrons have an absorption cross section suffi-
ciently small to allow the observation of magnetic excita-
tions up to 50 meV. Note that 11B isotope was used instead
of natural boron in order to achieve a reasonable absorption
cross section.

C. Calculation method

The intersublattice exchange field on both Gd sites was
computed using the standard approach.30 Three independent
self-consistent electronic structure calculations were carried
out, one for each of the following three spin structures.

�0� The ferrimagnetic ground state: The moments of both

FIG. 1. �Color online� Comparison of the GdCo5 and GdCo4B crystal
structures.
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Gd�1a� and Gd�1b� are antiparallel to those of the joint
cobalt sublattice Co�2c�+Co�6i�. This was the reference
state.

�1� Excited state 1: The moments of Gd�1a� reversed with
respect to the ground state.

�2� Excited state 2: The moments of Gd�1b� reversed with
respect to the ground state.

The energy differences associated with the moment re-
versal, E1−E0 and E2−E0, are directly proportional to the
exchange fields on Gd�1a� and Gd�1b�, respectively. The
difficulty which usually arises when mapping such calcula-
tions onto a model is that the corresponding proportionality
relations, e.g., 2Ba�a=E1−E0, contain a single value of the
magnetic moment, whereas two different sets of magnetic
moments are obtained in the calculations for the two states
involved. The usual way out is to average the moment being
reversed, so as to obtain the required proportionality factor,
and to ignore the fact that the reversal affects the values of
all the other moments. That the change of the cobalt mo-
ments cannot be simply disregarded is particularly easy to
see in the mean-field approximation, Ba=�a�Co and Bb

=�b�Co, where �Co=2�c+6�i is the moment of the cobalt
sublattice.

The transition studied in our inelastic neutron scattering
�INS� experiments is that between the ground state �the pro-
jection of the Gd spin on the exchange field direction is
maximum� and an excited state where that projection has
been incremented by −1. In a classical picture this corre-
sponds to a rotation of the Gd spin through a small angle
away from the ground-state position. Clearly, in this case the
ground-state value of �Co, �Co0, should be used in conjunc-
tion with the above proportionality relations Ba=�a�Co0 and
Bb=�b�Co0.

In contrast to the experimental case, the transitions be-
tween the spin structures considered in the calculations, �0�

→ �1� and �0�→ �2�, correspond to a 180° rotation of the Gd
spins. This is not a small deviation from the ground state and
the accompanying change of the cobalt sublattice moment
should not be neglected. Therefore, the arithmetical mean
values for spin structures 0 and 1, �a01= 1

2 ��a0+�a1� and
�Co01= 1

2 ��Co0+�Co1�, should enter in the relation for the en-
ergy difference, E1−E0=2�a�Co01�a01. Similarly, E2−E0

=2�b�Co02�b02, where �b02= 1
2 ��b0+�b2�.

Thus, a more consistent approach to computing the ex-
change field on Gd is to use the expressions Ba

= ��Co0 /�Co01��E1−E0� / �2�a01� and Bb= ��Co0 /�Co02��E2

−E0� / �2�b02�. The prefactor in square brackets is what
makes them different from the usual ones, which ignore the
difference between �Co0 and �Co01 or �Co02. These improved
expressions were employed in the present work.

The magnetic moments and total energies E0, E1, E2

were obtained in scalar-relativistic electronic structure calcu-
lations using the full-potential local-orbital code �FPLO

4.00-16�.31 The mesh in reciprocal space consisted of 133 k

points within the irreducible wedge of the Brillouin zone.
The exchange and correlation potential in the local spin den-
sity approximation �LSDA� was taken in the form proposed
by Perdew and Wang.32 The calculations were performed at

the LSDA equilibrium structure parameters a=4.907 Å, c

=6.737 Å, and z6i=0.2854. �Additional calculations using
the experimental structure data, a=5.058 Å, c=6.892 Å, and
z6i=0.283, yielded much higher values of the exchange field
on the Gd sites: Ba=183 T and Bb=156 T�. The valence ba-
sis states included 4f , 5spd, and 6sp of Gd, 3spd and 4sp of
Co, as well as 1s, 2sp, and 3d of B, the latter playing the role
of polarization states. The 4f shell of Gd was treated within
the so-called LSDA+U �atomic limit� formalism,33 with U

=6 eV. The calculation was proven to be insensitive to the
value of U within reasonable bounds.10 Spin magnetic mo-
ments were obtained for all atomic sites. These values �for
the ferrimagnetic ground state� are presented in Table IV.

III. RESULTS AND DISCUSSION

Magnetic properties of GdCo4B and of isotype RCo4B
compounds have been the subject of several
investigations.34–37 GdCo4B is found to order below 503 K.
The Gd and Co magnetic sublattices are coupled ferrimag-
netically. At low temperatures, the Gd magnetization is
dominant, whereas at high temperatures the Co sublattice
magnetization is dominant. The so-called compensation tem-
perature at which the 4f and 3d sublattice magnetizations
cancel each other out amounts to 397 K.5,6 The saturation
magnetization of the cobalt sublattice is usually assumed
equal to that of the Y containing isotype compound. The
corresponding values are given in Table I. In the case of Co
containing compounds, this is an estimation only since the
magnitude of the Co magnetic moments has been shown to
be very sensitive to the internal molecular field experienced
at the cobalt site.23

A detailed investigation of isotype RCo4B phases has
been undertaken by neutron diffraction and related results
have been presented elsewhere.26,24,37,38 This investigation
shows that the two inequivalent Co sites carry significantly
different magnetic moments. This result has been confirmed
by electronic structure calculations.39–41 One of the interest-
ing features of this structure �Fig. 1� is the presence of two
inequivalent rare-earth sites. Their local atomic environment
is described in Table II. The 1b position is found in the boron

TABLE I. Comparison of the spontaneous magnetization of YCo4B and
GdCo4B.

Compound

Ms ��B / f.u.�

5 K 300 K

GdCo4B 3.2 0.9
YCo4B 3.0 2.2

TABLE II. Interatomic distances and number of near neighbors of the two
Gd sites.

Co 6i Co 2c B Gd 1a Gd 1b

Gd 1a 12�2.89 Å 6�3.20 Å ¯ ¯ 2�3.48 Å
Gd 1b 12�2.91 Å 6�2.89 Å 2�3.48 Å ¯
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containing plane, whereas the 1a site has a local environment
very similar to that encountered in the RCo5 structure type,
without any boron atom as nearest neighbor.

The INS spectrum of the GdCo4B compound is shown in
Fig. 2. The shaded region shows the scattering determined
from the high-angle banks. This scattering is predominantly
due to phonon processes as the magnetic scattering is small
at such high momentum transfers.

The inelastic peak at low moment transfer can be inter-
preted as being due to the excitation of a dispersionless spin
wave mode that corresponds to the out-of-phase precession
of the Gd spins in the exchange field of neighboring spins.
Consequently, from the energy of the inelastic neutron scat-
tering signal �, one can derive the corresponding exchange
field on the Gd sites. The latter is approximately proportional
to the mean magnetic moment of cobalt because the Gd–Gd
exchange interaction can be neglected in comparison with
the Gd–Co one.10

The relation between these quantities is

�a,b = 2�BBa,b = 2�B�a,b�Co0, �1�

where Ba,b is the exchange field on the Gd crystal sites 1a

and 1b, �a,b is the energy of the corresponding dispersionless

modes, �a,b are the respective molecular field constants, and
�Co0 represent the ground-state Co sublattice moment de-
fined above. The values of �a,b and Ba,b obtained for the
GdCo4B and GdCo5 compounds are given in Table III.

Figure 3 displays the magnetic signal after subtraction of
a nonmagnetic contribution to the background, with the line

FIG. 2. �Color online� Inelastic neutron spectrum of GdCo4B as recorded at
15 K. The solid line is guide to the eyes. The shaded area indicates the
nonmagnetic inelastic intensity as deduced from the spectrum recorded by
the high-angle detector banks. The neutron incident energy was 250 meV.

TABLE III. Comparison of the inelastic neutron scattering results obtained in GdCo4B and in GdCo5. The
corresponding molecular fields on the Gd sites and Gd–Co exchange coupling constants are also reported. �The
calculated mean cobalt values of �Co0 represent the spin moment only.�

GdCo5 GdCo4B

INSa Magnetizationb LSDA+U, Calc.b INSc LSDA+U, Calc.c

Energy �meV� 27 �1� ¯ ¯ 15.0 �1.5� ¯

Ba �T� 236 �8� 233 �12� 258 130 �10� 153
Bb �T� ¯ ¯ ¯ 134
�Co0 ��B� 1.78 1.74 1.52 0.95 0.87
�a �T /�B� 133 134 170 137 176
�b �T /�B� ¯ ¯ ¯ 154

aReference 42.
bReference 10.
cThis work.

FIG. 3. �Color online� �a� Inelastic neutron spectrum of GdCo4B after re-
moval of the nonmagnetic inelastic intensity. The points are the experimen-
tal data and the line is a fit to the data. �b� The plot represents a zoom around
the inelastic signal.
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corresponding to a fit of the magnetic data. The estimation of
the nonmagnetic background has been deduced from the
high Q values measured on the high-angle banks. The inelas-
tic signal appears as a shoulder on the right-hand side of the
high-intensity elastic line. This proximity together with the
limited experimental resolution does not permit to resolve
the two different INS peaks corresponding to the two non-
equivalent Gd sites. The quantitative analysis of the INS data
yields a value of 15 meV for the energy of the flat mode in
the GdCo4B sample compared to 27 meV reported earlier for
GdCo5.42 Thus, the R-T interaction has decreased: the sub-
stitution of boron for cobalt induces a reduction of the mo-
lecular field by almost a factor of 2, from 233 T in GdCo5

down to 130 T in GdCo4B.
The localized 4f and the itinerant 3d moments are

known to interact via intra-atomic 4f-5d exchange combined
with interatomic 5d-3d interaction.21 The intra-atomic 4f-5d

interaction is virtually insensitive to the chemical environ-
ment, whereas the interatomic 5d-3d coupling can be ex-
pected to be strongly affected by the boron-induced modifi-
cation. As can be seen in Table III, the reduction of the
exchange field Ba,b is not induced by a reduction of the cou-
pling constant �a,b. In contrast, the coupling constant in
GdCo4B remains about the same as in GdCo5. The observed
decrease of Ba,b can rather be attributed to the significant
reduction of the Co magnetic moment upon the substitution
of boron for cobalt �Fig. 4�. Indeed, the Co magnetic mo-
ments calculated for GdCo4B �see Table IV� are much
smaller than those reported for GdCo5.10 It is worth noting
that the values calculated here and listed in Table IV corre-
spond to spin only magnetic moments. These values are in
good agreement both with earlier reported calculations39 and
with the experiment. Indeed, it is well known that a signifi-
cant change of the magnetization takes place in the RCo4B
samples in comparison to RCo5, predominantly in the Co
sublattice.26,24,37,38 Accordingly, the Curie temperature of
GdCo4B is about one-half of that of GdCo5.

It would be of interest to relate the local environment of
the two nonequivalent Gd sites with the value of the molecu-
lar field thereon. Since due to the limited experimental reso-
lution it was not possible to resolve the corresponding two
INS peaks, we have to rely on our calculations. These can,
indeed, be relied on because the calculated mean value,
1
2 �Ba+Bb�, has been validated by comparison with the INS
data. Turning now to the last column of Table III, we observe
that Ba is about 14% higher than Bb. The Gd 1a site has more
Co neighbors �see Fig. 1 and Table II�, some of which are the
high-spin Co�2c�. This leads to the larger molecular field on
Gd 1a. In contrast, Gd 1b has six boron atoms and none of
Co�2c� among its near neighbors, hence the lower molecular
field. These results show clearly the influence of the local
atomic environment on the magnitude of the molecular field
on the Gd sites.

Despite the reasonable agreement between the experi-
mental and calculated values in Table III, one nevertheless
observes that the calculations overestimate the mean molecu-
lar field on Gd by about 10%, which lies outside the 8%
experimental error interval. The remaining discrepancy may
arise from the orbital magnetic moments of Co neglected in
the present calculations.

IV. CONCLUSION

It has been shown by both experiment and theory that
the Gd–Co intersublattice exchange interaction undergoes a
dramatic reduction upon the substitution of boron for cobalt
in GdCo5. The density-functional calculations are in satisfac-
tory agreement with the experimental value of 130�10� T.
The decrease mostly results from a reduction of the cobalt
magnetic moment. Indeed, the Gd–Co coupling constant is
found to be almost the same in both GdCo5 and GdCo4B. In
addition, the calculations demonstrate that the two inequiva-
lent Gd lattice sites experience significantly different mo-
lecular fields, which is attributable to the different local
atomic environments.
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FIG. 4. Density of states of GdCo4B.

TABLE IV. Calculated spin magnetic moments in GdCo4B.

Notation
Atom

�Wyckoff position�

Spin magnetic
moment ��B�

�a Gd �1a� 7.34
�b Gd �1b� 7.28
�d B �2d� 0.05
�c Co �2c� −1.51
�i Co �6i� −0.65
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