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Enhanced Co orbital moments in Co–rare-earth permanent-magnet films

D. J. Keavney, Eric E. Fullerton, Dongqi Li, C. H. Sowers, and S. D. Bader
Argonne National Laboratory, Materials Science Division, Argonne, Illinois 60439

K. Goodman and J. G. Tobin
Department of Chemistry and Materials Science, Lawrence Livermore National Laboratory, Livermore, California 94550

R. Carr
Stanford Linear Accelerator Center, Stanford Synchrotron Radiation Laboratory, Stanford, California 94309

~Received 17 March 1997; revised manuscript received 30 June 1997!

Soft x-ray magnetic circular dichroism~MCD! data were collected at the CoL edges from a series of
epitaxialR-Co ~R5Pr, Nd, Sm, Dy, and Ho! intermetallic compound films grown by sputter deposition. The
Co orbital-to-spin moment ratios were extracted from the data using the MCD sum rules. An enhanced Co
orbital moment, as compared to that of bulk hcp-Co, is seen in all but one of the films. The enhancement is
dependent on both the averageR-Co bond length and on theR species. These results suggest that a significant
transition-metal~TM! orbital moment is the origin of the TM sublattice contribution to the magnetocrystalline
anisotropy energy inR-TM compounds.@S0163-1829~98!05409-5#
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I. INTRODUCTION

The highest performance permanent magnet materials
currently rare-earth–transition-metal (R-TM) intermetallics
and borides,1,2 for example SmCo5 and Nd2Fe14B. In these
materials, a predominantlyR spin-orbit interaction yields the
high magnetocrystalline anisotropy~MCA! required for a
high coercivity. The TM, usually Fe or Co, is coupled to t
R and enhances the saturation magnetization (Ms), and
therefore the theoretical maximum energy produ
(4pMs)

2/4. Although the large orbital moment of theR 4 f
shell dominates the anisotropy energy especially at low t
peratures, there is evidence that the anisotropy energy
tribution from the TM is enhanced above its bulk value. Sp
cifically, permanent magnet compounds in which theR that
has no 4f orbital moment can also have high MCA. Fo
example, the Y-Co system forms compounds that are is
tructural with several well-knownR-Co permanent magnets
such as SmCo5 and Sm2Co17. Some of these compound
have anisotropy fields (HA) two orders of magnitude highe
than that of bulk Co, andHA does not have a monotoni
dependence on theR content3–6 Similar anisotropy fields are
observed for the lanthanides withL50.7 Such high anisotro-
pies suggest that the Co atoms possess a significant o
moment coupled to the lattice, with a corresponding incre
in the anisotropy energy. The existence of large orbital m
ments in such compounds has not been directly obser
however, mainly because orbital moment data are difficul
obtain. A large orbital moment at the Co 2c site has been
inferred in YCo5 from an analysis of magnetic form facto
in polarized neutron scattering,8 but other experimental tech
niques disagree on the size of the orbital moment, and o
site assignment.9 The origin of any orbital moment enhanc
ment also remains an open question. The structural de
dence of the anisotropy noted above suggests that the
Co atomic environment plays a role. In this picture, a volu
expansion or a reduction of available states for Co 3d elec-
trons to hybridize with could narrow the Co 3d bands. This
570163-1829/98/57~9!/5291~7!/$15.00
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would lead to an enhanced orbital moment closer to tha
atomic Co, even though the Co 3d electrons remain pre
dominantly itinerant. It is a general feature ofR-TM inter-
metallics that the lattice parameters contract with theR
atomic size across the lanthanide series. Therefore we m
expect that for the light RE’s a large orbital moment is i
duced on the Co sites, which reduces with the lanthan
contraction.

Since its first observance, x-ray magnetic circular dich
ism ~MCD! ~Ref. 10! has emerged as a promising techniq
for obtaining element specific magnetic information, esp
cially from magnetic thin films.11–14This type of information
is particularly advantageous in systems where both com
nents are magnetic and are not separable by magnetome14

such as in RE-TM compounds. In addition, through the u
of sum rules derived in the atomic approximation, it has be
found that the orbital15 and spin16 contributions to the total
moment can be extracted from MCD spectra at the TML
edges and REM edges. For the TML edges the sum rule
are
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wheremo andms are the orbital and spin moments,I 1(2) is
the absorption with the x-ray helicity parallel~antiparallel! to
5291 © 1998 The American Physical Society
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the magnetization,nh is the number of 3d band holes per
atom, and̂ Tz& is the expectation value of the magnetic d
pole operator. The labels on the integrals indicate whe
the integration is over theL3 edge only or over both edges
Interestingly, these sum rules appear to work well even
itinerant ferromagnets such as Fe and Co metal.17 This sug-
gests that MCD~while not a site-specific technique, as f
example Mo¨ssbauer spectroscopy! may be able to shed som
light on the existence of enhanced TM orbital moments a
their role in the anisotropy ofR-TM permanent magnets
Presently, most MCD measurements onR-TM compounds
have been at theR L edge or the TMK edge,18,19 with
relatively few soft x-ray measurements at the magnetic
important TM L edge.20 In this article, we apply the sum
rules to CoL-edge MCD data collected from a series
epitaxialR-Co ~R5Pr, Nd, Sm, Dy, and Ho! films to inves-
tigate the Co orbital moment and the role of the local
environment in the orbital quenching.

II. EXPERIMENT

The series of Co-R films was grown by sputter depositio
onto MgO~100! wafers coated with epitaxial 200 ÅW(100)
buffer layers. The compounds were formed by cosputter
onto heated substrates and varying theR deposition rate to
control the composition. Details of the deposition of the
and related compounds has been previously publishe21

Two different compositions were made for eachR: R: Co
nominally 1:5, and 2:17~except for Ho, where only the 2:1
sample was made!. These compositions were chosen beca
they correspond to the crystalline phases (R)Co5 and
R2Co17. The composition of each film was verifiedex situby
energy dispersive x-ray analysis, and was found to vary fr
the nominal composition in some films as a result of diff
ing rates of re-evaporation for differentR’s. The rare-earth
content of each film is given in Table I. Based on the
results we separate the films into a Co-rich series~close to
2:17! and a moreR-rich series~close to 1:5 or 1:3!. The
typical film thickness was 5000 Å, and each sample w
subsequently capped with;30 Å of Al to protect theR-Co
film from atmospheric exposure, but still allow the MC
measurements to be performed.

Shown in Fig. 1 is the out-of-plane x-ray diffraction sca
from a Pr-Co film that is consistent witha-axis growth of

TABLE I. Summary of structural and MCD data for theR-Co
films.

Rare earth R at % a ~Å! morb/mspin

hcp-Co 0.0 2.51 0.12
Pr 12.2 4.933 0.25
Pr 18.4 5.025 0.079
Nd 13.4 4.958 0.23
Nd 18.7 5.036 0.26
Sm 12.3 4.900 0.28
Sm 25.1 5.070 0.43
Dy 21.7 4.965 0.23
Dy 25.4 5.021 0.30
Ho 14.8 4.884 0.27
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hexagonalR-Co phases. Similar diffraction scans are o
served for all the films studied. Additional x-ray scans a
transmission-electron microscopy confirm epitaxial grow
with thec axis in plane, although with two equivalent orien
tations for a-axis epitaxy on the fourfoldW(100) buffer
layer.21 From the x-ray-diffraction scans, thea-axis lattice
parameter is determined and given in Table I. From x-
diffraction ~XRD!, a determination of the symmetry and la
tice parameters of a film is more straightforward than
unambiguous identification of the phase since only one
rection of the unit cell is probed in the thin-film scatterin
geometry. The phase identification is further complicated
the thermodynamic stability of many phases with simi
compositions, and, for a given composition, there are of
polymorphic forms. Therefore, we identify the known phas
that most closely match the measured composition and X
results.

To determine the magnetic anisotropy fields (HA), the
in-plane and out-of-plane hysteresis loops were measured
each film in an extraction magnetometer with a maximu
applied field of 9 T. The room temperature out-of-plane m
surements for both Pr-Co samples are shown in Fig. 2. Th
loops along the hard axis show that the anisotropy field
higher in the lower rare-earth content film. This shows t
change in anisotropy field that can result from a difference
structure, and points to a role for the Co sublattice in
MCA. All the samples have strong in-plane anisotropy co
sistent with theira-axis orientation, but many do not sho
the in-plane uniaxial anisotropy that might be expected
this structure. This is due to the twinning that results fro
the two equivalent epitaxial orientations noted above. T
anisotropy field is typically on the order of a few Tesla~;10
T for the Sm-Co films!.21 Some of the films also have hig
room-temperature coercivity, up to 3.1 T. These magne
measurements are further evidence that the permanent
net phases of interest are formed in these films.

The magnetic circular dichroism measurements w
made using the helical undulator on beamline 5 at the S
ford Synchrotron Radiation Laboratory. This undulator c

FIG. 1. X-ray-diffraction data from the PrCo5 sample, with the
PrCo5 peaks indexed. The peaks at 43.0 and 94.2 are due to
MgO~100! wafer.
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produce left-circularly polarized~LCP! or right-circularly
polarized~RCP! light on the beam axis.22 The polarization
state is adjusted by shifting the phase between two set
undulator magnets, and can be set to LCP, RCP, vertica
horizontal linear, and arbitrary elliptical in between. The d
gree of polarization for LCP and RCP at the magnetica
important 2p-3d core level excitations in the TM’s is
;98%. The undulator light is monochromated, and the in
dent intensity is monitored by measuring the photocurr
from a Au grid in the path of the monochromatic bea
Samples are placed in a 7 Texternal field normal to the film
plane, with the x-ray beam incident at 15° off normal. A
though the film normal is the hard axis, this field is high
than the saturation field except in the case of the Sm
samples. It has been shown that in the nonsaturated state
orbital moment anisotropy causes a noncollinearity of
spin and orbital moments that is observable in the projec
of mo along the measurement axis,23 and that would require a
correction tomo/ms However, given that the orbital momen
anisotropy is small for these materials, and the samples
nearly saturated~HA;10 T for Sm-Co!, we expect the cor-
rections to be small. All measurements were made with
sample at room temperature. As the incident photon ene
is scanned through the CoL edges, absorption is measured
partial electron yield mode by collecting secondaries wit
channeltron detector located along the external field a
about 1 m from the sample. Spin-dependent spectra are
tained by collecting a spectrum at one photon helicity,
versing the helicity, and collecting a second spectrum. E
pair of spectra were typically repeated 2 to 3 times for e
sample. A bulk hcp-Co film grown in the same sputteri
chamber was also measured for comparison both to theR-Co
compound data and to MCD data from other groups.

III. RESULTS AND DISCUSSION

All the films show a large dichroism at the CoL2,3 edges,
with a typical difference between the left and right circu
polarized absorption of;40% of the total absorption in th
L3 edge. The spin-dependent absorption spectra, along
their difference, are shown for the moreR-rich Pr-Co sample
in Fig. 3. The MCD spectra are summarized for all t

FIG. 2. Magnetization data from the PrCo5 and Pr2Co17 samples.
This sample has one of the highest anisotropy fields in the en
series,,9 T. The SmCo5 sample has;10 T anisotropy field, while
most other samples saturated at 3–5 T. Even at the 7 T field used in
the MCD experiments, the magnetization perpendicular to the
in the unsaturated samples typically at least 70% of saturation
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samples in Fig. 4. Note the reversal in sign of the MC
signal for theR-rich Dy-Co sample, which indicates that th
applied magnetic field and the Co moment are antipara
This reflects the antiferromagnetic coupling of the Co andR
moments in the compounds containing heavyRs. In all of
the other heavyR samples, this antiferromagnetic coupling
also presumably present, but it is not observed in the sig
the MCD signal because these samples are more Co rich
the net moment is dominated by the Co moments.

The raw spin-dependent absorption spectra were inde
dently normalized, and if necessary, scaled to match the
and post-edge intensities between the two spectra. The
ference spectra were then obtained from each of the pair
normalized spin-dependent spectra, and integrated num
cally to obtain values for the integrals in Eq.~1!. To obtain
the integral over only theL3 edge, the integration was cut o
at the onset of theL2 edge. Using these numerical integra
the MCD sum rules were applied to obtain the ratio of t
orbital to spin moments (mo /ms) and the orbital to net mo-
ments (mo/m t). The applicability and limitations of the sum
rules, in particular for obtaining absolute moments, has b
the subject of considerable debate. Most of the controve
has centered on surface effects that can be present in
measurements, and on uncertainties in some of the quan
in Eq. ~1!, namely,nh , ^Tz&, and the background subtrac
tion. We address these uncertainties as they pertain to
measurements below. The quantitymo /ms , although subject
to errors originating in background matching and the cho
of integration cutoffs, depends only on the integration of t
difference spectrum. Therefore it is not subject to err
originating in the choice of background subtraction or t
number of 3d-band holes. Furthermore, although the ab
lute moments may be subject to errors from overlap of theL3
andL2 edges, the difference spectrum is nearly zero by
onset of theL2 edge and therefore the corresponding error
mo /ms is small. Another source of error inmo /ms is the
magnetic dipole operator term in the spin sum ru
7^Tz&/2^Sz& for which we do not correct. As we will argue
below, this correction cannot change the value ofmo /ms

re

FIG. 3. Polarization dependent x-ray absorption at the CoL2,3

edges measured in partial electron yield mode for PrCo5. The top
two curves are the absorption for left and right circular polariz
light, and the bottom curve is the difference, or the MCD signa
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enough to explain all the results. We have also found t
mo /m t , although more dependent on details of the ba
ground subtraction and integration cutoffs, shows system
ics similar to mo /ms . This suggests that eithermo /ms or
mo /m t can be used as a normalized indicator of the orb
moments to be compared across samples with different c
positions and structures. Based on the dependence ofmo /ms
on the various parameters involved in the data analysis, s
as the choice of integration cutoffs, we estimate the size
the error bar onmo /ms for all these measurements at;0.05.

The hcp-Co film has amo /ms value of 0.12. The differ-
ence between this measurement and recent transmis
MCD measurements taken from polycrystalline Co film
~0.095! ~Ref. 7! is less than our error bar, and is therefore n
significant. Also, the results of band structure calculations
the expected bulk moments show similar valu
~0.051–0.089!.24,25 An epitaxial bcc-Fe film shows simila
correspondence to transmission measurements and ca
tions. The agreement suggests that in our electron yield m
surements, which must be surface sensitive to some de

FIG. 4. MCD data (I 1-I 2) for all the Co-R samples. TheR-rich
samples are shown in the upper half~a!, while the more Co-rich
samples are shown in the lower half~b!. Note the reversal in sign o
the MCD signal for DyCo3 which shows that the Co moments a
antiparallel to the Dy moments, as expected for the heavyR’s. In
the other heavyR samples, the Co moments dominate the net m
ments, so this sign reversal is not seen.
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the mean-free path of the collected secondaries is l
enough such that the bulk region of the sample is the do
nant contribution to the signal. Therefore, assuming that
electron escape depths in the compounds films are sim
and that the films are magnetically homogeneous, surf
effects should not be an important contribution to the orb
moments in these measurements. With one exception, al
R-Co films have enhanced Co orbital moments. In the 2
samples,mo /ms is typically ;0.25, with variations of only
;0.05 between differentR’s. The 1:5 samples have highe
moment ratios of;0.25–0.40, with much higher dependen
on theR species. The exception noted above is Pr-Co 1
which has a Co orbital moment within the experimental er
of that of the hcp-Co film. The values ofmo /ms are summa-
rized, along with composition and structural information f
each film in Table I. Note that within the experimental erro
the orbital moments of the 2:17 samples are all nearly
same, while the 1:5 samples appear to have a nonmonot
dependence on the 4f -shell filling.

Before we discuss these trends in the orbital mome
some of the uncertainties arising from the use of the s
rules should be addressed. One additional contribution to
integrals in the spin sum rule is the magnetic dipole ter
^Tz&. This term has the effect of increasing the actual s
moment, and thus reducing the moment ratio. In the elem
tal 3d ferromagnets, the centrosymmetric nature of the str
ture causes this correction to be small, of order 3%.17,24,26

However, in noncentrosymmetric systems, this term can
important. The nearest neighbors at some of the Co site
R-Co compounds do present such a noncentrosymmetric
cal environment, so this term must be considered in
present analysis before we can attempt to explain the sys
atics that are observed. Unfortunately, the size of the dip
term in these particular structures has not been calculated
estimates based on other calculations must be made. Re
calculations made at TM surfaces suggest that if the dip
term is as large in compounds as at such a surface, a;15%
correction in the spin moment would be required.24 This
would reduce all the moment ratios, but cannot account
the doubling of the ratio seen in the 2:17 samples or the m
than tripling in some of the 1:5 samples. Furthermore, e
if the dipole term is large enough to account for all of t
enhancement inmo /ms, the resultingtotal moments would
then be unphysically large, or would require a very sm
number of 3d holes. For this reason, we conclude that t
orbital moment enhancement is real, although the magn
dipole term probably requires a correction to the values
ported here. The large orbital moments seen in these m
surements therefore point to a possible origin for the la
TM sublattice anisotropies in these and related compoun
It is important to note, however, that due to the correctio
that may be required for the dipole term and any poss
surface effects, the orbital moments observed here canno
taken as the bulk values for these compounds. Furtherm
MCD does not resolve the distinct Co atomic sites, so a
moments derived from the data represent averages ove
the Co sites which may be present in a given compou
Therefore, with these limitations in mind, we only compa
the orbital-to-spin moment ratios between samples and c
ment on the trends that occur with structure or compositi

The origin of the orbital moment is surely related to t

-
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local Co structural and electronic environment. All the co
pounds considered here have expanded Co volumes in
tion to bulk hcp Co, which suggests that the 3d bands may
be more atomiclike and therefore have less orbital quen
ing. The larger orbital moments and their variations withR
species in samples with similar composition suggests tha
orbital moments are also influenced by theR. This suggests
the possibility of a correlation with theR 4 f orbital moment,
however we see no such correlation, since all theR’s in this
study haveL55 or 6, assuming trivalentR ions. Themo /ms
values do appear to correlate roughly with the average CR
bond lengths, while they do not show any dependence on
average Co-Co bond length~aside from the enhancement
going from bulk hcp Co to the compounds!, based on pub-
lished structural data for each of the phases. In general,
1:5 samples have longer Co-R bonds than the 2:17 sample
and they also have higher orbital moments.

Aside from these general trends, there are difference
the dependence of orbital moment with 4f shell filling that
we now discuss. In general, the Co-R bond lengths are re
duced as the 4f shell is filled, due to the lanthanide contra
tion. It might be expected, then, that the Co 3d bands would
broaden and the orbital moments would decrease withf
filling. In the 2:17 samples, the absence of such a tren
possibly due to the small number ofR nearest neighbors a
each Co atom. For bulk (R)Co5 compounds, the lattice pa
rameters do not strictly follow the monotonic lanthanide co
traction behavior, in particular PrCo5 and NdCo5 have lattice
parameters that are reduced from their expected values b
on an interpolation of the lanthanide contraction from t
heavy rare earths. The correlation with lattice paramete
still not good, since NdCo5 has the largest lattice paramete
but SmCo5 has the largest orbital moment. Also, the PrC5
lattice is more expanded than that of HoCo5, but its orbital
moment is quenched to the value of hcp-Co metal. Th
results indicate that the interactions that drive the deve
ment of orbital moments in these compounds are more su
than simple atomic volume arguments alone would sugg
and that effects other than the structural changes are
important.

We therefore must consider the electronic structure
R-TM compounds for possible mechanisms for theR species
dependence of the orbital moments. The Co 3d bands are
subject to hybridization with theR 5d bands, and, if the 4f
shells are not completely localized, with the 4f shells as
well. These two orbitals behave differently withf -shell fill-
ing, and we discuss them separately below.

The magnetic coupling of the TM to theR is via an anti-
ferromagnetic 3d-5d hybridization interaction.27,28 As the
Co-R bond length is reduced, either by the lanthanide c
traction or by a structural transition, the 3d-5d wave func-
tion overlap is increased, and Co 3d bands broaden, which
reduces the orbital moment. In addition, as one moves a
the lanthanide series, 5d bands respond to the increas
screening from the 4f shell by shifting up and broadening
These effects, which result in opposing effects on the b
overlap, could influence the Co orbital moments. Howev
the band structures themselves are unknown, as is the e
on the orbital moments.

The 4f shell localization is also dependent on the sh
filling. The 4f shell in the lanthanides is well described b
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an atomic model, with the exception of Ce compounds,
which it can have significant band character. It is this ba
structure effect that drives the well-known anomaly in t
lattice parameter at Ce in (R)Co5 As noted above, however
even for Pr and Nd the bulk lattice parameters are redu
from the expected lanthanide contraction behavior, based
an interpolation from La to the heavyR’s. This behavior is
also observed in our lattice parameter data from the
films, and is shown in Fig. 5 along with the orbital mome
data. Note that the orbital quenching is correlated with
onset of the lattice parameter anomaly. This suggests th
Pr and Nd, the 4f electrons still participate in the bondin
enough to collapse the lattice parameter, and may also
ticipate in 3d-4 f hybridization. With 3d-4 f hybridization
present in the lightR’s, the Co 3d bands would be signifi-
cantly affected, and this could change the orbital characte
the moments at the Co sites. Above Nd, the 4f shell is pre-
sumably well localized and the behavior is dominated by
lanthanide contraction. Although such a delocalization of
4 f shell has been invoked to explain the lattice parame
anomaly in CeCo5,

29 similar calculations do not exist for th
corresponding Pr or Nd compounds. Unfortunately, th
calculations do not extend above Ce, and our MCD data
not include the La and Ce compounds, so we cannot ma
connection to these calculations with these data. We sho
also point out that we do not expect to be able to reso
these changes in the Co 3d bands directly in the x-ray ab
sorption spectroscopy data.

While a quantitative treatment of these band-structure
fects is not within the scope of this article, we have sho
how the deviations from a straightforward magnetovolu

FIG. 5. Orbital to spin moment ratios~lower! anda lattice pa-
rameters ~upper! summarized for the (R)Co5 samples. Empty
squares are x-ray data from the sputtered films, filled squares
published bulk data for (R)Co5, and the dotted line is a fit to the
lanthanide contraction. The dashed line showsmo /ms for the
hcp-Co film. This shows that the orbital moments are enhanced
there is a quenching effect which occurs at the onset of the
anomaly in the lattice parameter.
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dependence of the Co orbital moments onR 4 f shell filling
could arise out of details of theR-TM electronic interactions.
For the very lightR’s, 4f shell delocalization results in
3d-4 f hybridization, broadening the 3d bands and quench
ing the orbital moments. For the heavy lanthanides~Sm and
heavier!, the spatial extent of the 4f shell is reduced by the
increased nuclear charge such that the behavior is domin
by the lanthanide contraction, in which the Co 3d bands are
broadened primarily via 3d-3d and 3d-5d hybridization as
the local volume is reduced. The result is the observed str
quenching of the orbital moment in the Pr and Nd films, w
SmCo5 possessing the largest Co orbital moment.

We also note that in 2:17 compounds, the Ce lattice
rameter anomaly is apparently absent, or is a much sm
effect. This suggests that due to the reducedR content rela-
tive to the 1:5 compounds, 3d-4 f hybridization is a smaller
effect in these compounds and we can expect less or
quenching from the lightR’s. In this case theR dependence
of the orbital moment should be determined primarily by t
effect of lanthanide contraction on the 3d-3d and 3d-5d
hybridization. In Fig. 6 we plot the lattice parameter a
orbital moment ratio data for the lowerR content film, on the
same vertical scales as in Fig. 5. For these samples we d
see the orbital quenching observed in the Pr- and Nd
films. This suggests that any electronic effects observe
the 1:5 case are much smaller effects in the lower rare-e
content samples, which provides further evidence that
development of the orbital moment is driven at least partia
by the presence of theR. We also do not see the lanthanid
contraction behavior, but we note that these changes in

FIG. 6. Same as Fig. 5, but for the lowerR content~2:17! films.
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bital moment may be more difficult to observe over the e
perimental errors.

IV. SUMMARY

Magnetic circular dichroism measurements were taken
the CoL2,3 edges on a series of epitaxialR-Co films. The
films had nominal composition of eitherR:Co 1:5 or 2:17,
with R5Pr, Nd, Sm, Dy, and Ho. Using the MCD sum rule
the orbital to spin moment ratios were extracted from
data. The Co orbital moments in most of the compounds
strongly enhanced as compared to bulk Co, with the
samples showing the highest orbital moments. The large
bital moment on the TM is presumably the origin of the lar
TM sublattice contribution to the magnetocrystalline anis
ropy energy in manyR-TM permanent magnets. For the 2:1
compounds, the orbital moments do not depend onR spe-
cies, while for the 1:5’s there is a stronger dependence.

The origin of the orbital moment appears to be related
the local electronic and structural environment at the
sites. There is a rough dependence on the average Co at
volume, which arises out of a modulation of the Co 3d band-
width via the 3d-3d and 3d-5d hybridization interactions.
An analysis of Co-Co and Co-R bond distances from bulk
structural data suggests that this volume dependenc
driven mainly by the Co-R bond distance. In the 1:5 com
pounds, the Co orbital moments in the Pr and Nd samples
quenched to lower values than is expected from the mag
tovolume dependence. This is attributed to a significantf
band character in the very lightR’s, similar to that which
drives the Ce anomalies in (R)Co5, resulting in 3d-4 f hy-
bridization. Above Nd, the 4f shell is well localized and the
behavior is determined primarily by the lanthanide contr
tion. The absence of these effects in the 2:17 compound
interpreted as resulting from the lowerR content, such that
both the effects of 3d-4 f hybridization and the lanthanid
contraction are lost within the error bar on the orbital m
ment. These results show how subtle changes in crystal
electronic structure can be important in determining the
trinsic magnetic properties ofR-TM compounds. Further-
more, they point out the need for more complete evaluati
of the band structure of these isostructural compounds f
more complete understanding of the magnetic interaction
R-TM intermetallics.
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7R. Grössinger, X. K. Sun, H. R. Eibler, K. H. J. Buschow, and
R. Kirchmayr, J. Magn. Magn. Mater.58, 55 ~1986!.



n

.

D

A.

e

tt.

.
e

I.

n.

.
a-

d-

A.

on,

57 5297ENHANCED Co ORBITAL MOMENTS IN Co–RARE- . . .
8J. Schweizer and F. Tasset, J. Phys. F10, 2799~1980!.
9L. Nordström, M. S. S. Brooks, and B. Johansson, J. Mag

Magn. Mater.104-107, 1942~1992!.
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