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Enhanced Co orbital moments in Ce-rare-earth permanent-magnet films
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Soft x-ray magnetic circular dichroisfMCD) data were collected at the Qo edges from a series of
epitaxial R-Co (R=Pr, Nd, Sm, Dy, and Hpintermetallic 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 averageCo bond length and on tHe species. These results suggest that a significant
transition-metalTM) orbital moment is the origin of the TM sublattice contribution to the magnetocrystalline
anisotropy energy ifR-TM compounds[S0163-1828)05409-5

[. INTRODUCTION would lead to an enhanced orbital moment closer to that of
atomic Co, even though the Cod3electrons remain pre-
The highest performance permanent magnet materials agominantly itinerant. It is a general feature RfTM inter-

currently rare-earth—transition-metaR«(TM) intermetallics metallics that the lattice parameters contract with tRe
and borides;? for example SmCoand NdFe B. In these atomic size across the lanthanide series. Therefore we might
materials, a predominantR spin-orbit interaction yields the expect that for the light RE’s a large orbital moment is in-
high magnetocrystalline anisotrogfMCA) required for a duced on the Co sites, which reduces with the lanthanide
high coercivity. The TM, usually Fe or Co, is coupled to the contraction.
R and enhances the saturation magnetizatibhy)( and Since its first observance, x-ray magnetic circular dichro-
therefore the theoretical maximum energy productism (MCD) (Ref. 10 has emerged as a promising technique
(47Mg)?/4. Although the large orbital moment of the 4f for obtaining element specific magnetic information, espe-
shell dominates the anisotropy energy especially at low temeially from magnetic thin films*~**This type of information
peratures, there is evidence that the anisotropy energy cois particularly advantageous in systems where both compo-
tribution from the TM is enhanced above its bulk value. Spe-nents are magnetic and are not separable by magnetotfietry,
cifically, permanent magnet compounds in which Bx¢hat ~ such as in RE-TM compounds. In addition, through the use
has no 4 orbital moment can also have high MCA. For of sum rules derived in the atomic approximation, it has been
example, the Y-Co system forms compounds that are isodound that the orbitaP and Spiljl6 contributions to the total
tructural with several well-knowR-Co permanent magnets, moment can be extracted from MCD spectra at the IM
such as SmGpand SmCo,;. Some of these compounds edges and RBM edges. For the TM. edges the sum rules
have anisotropy fieldsH,) two orders of magnitude higher are
than that of bulk Co, andH, does not have a monotonic
dependence on tHe content® Similar anisotropy fields are
observed for the lanthanides with= 0.” Such high anisotro-
pies suggest that the Co atoms possess a significant orbital Moo=~ Ny,
moment coupled to the lattice, with a corresponding increase 3J (I"+17)dE
in the anisotropy energy. The existence of large orbital mo- L2,3
ments in such compounds has not been directly observed,
however, mainly because orbital moment data are difficult to
obtain. A large orbital moment at the Ca 3ite has been Ms
inferred in YCg from an analysis of magnetic form factors
in polarized neutron scatteriffgyut other experimental tech-
niques disagree on the size of the orbital moment, and on its 6] (A 7)dE—4f (1"=17)dE
site assignmertThe origin of any orbital moment enhance- __ s L23
ment also remains an open question. The structural depen- J (I* +17)dE
dence of the anisotropy noted above suggests that the local Lys
Co atomic environment plays a role. In this picture, a volume '
expansion or a reduction of available states for @oeBec-  whereu, and u are the orbital and spin moments,(~) is
trons to hybridize with could narrow the Caldands. This the absorption with the x-ray helicity parallgntiparalle] to
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TABLE I. Summary of structural and MCD data for tfie Co E T T T ' ' T '
films. F 5 8 - N
E ) = = E
Rare earth R at % aA) Korb! Mspin 3 = lg = =) § E
o b= ® o) 20
hcp-Co 0.0 2.51 0.12 2 =
Pr 12.2 4.933 0.25 5
Pr 18.4 5.025 0.079 8
Nd 13.4 4.958 0.23 2
Nd 18.7 5.036 0.26 %
sm 12.3 4.900 0.28 =
Sm 25.1 5.070 0.43 8
Dy 21.7 4.965 0.23
Dy 25.4 5.021 0.30 o
Ho 14.8 4.884 0.27

20 40 60 80 100

the magnetizationn,, is the number of @ band holes per 20 (degrees)

atom, an(T,) is the expectation value of the magnetic di-  FIG. 1. X-ray-diffraction data from the Prgsample, with the
pole operator. The labels on the integrals indicate whetheprCa, peaks indexed. The peaks at 43.0 and 94.2 are due to the
the integration is over the; edge only or over both edges. MgO(100 wafer.

Interestingly, these sum rules appear to work well even for

itinerant ferromagnets such as Fe and Co métahis sug- hexagonalR-Co phases. Similar diffraction scans are ob-

gests that MCD(while not a site-specific technique, as for goreq for all the films studied. Additional x-ray scans and
example Mesbauer spectroscopyay be able to shed some (3,:/

iaht on th it P 4 TM orbital ; ansmission-electron microscopy confirm epitaxial growth
Ight on the existence of enhance orbital moments anGy iy, the ¢ axis in plane, although with two equivalent orien-
their role in the anisotropy oR-TM permanent magnets.

Presently, most MCD measurements RATM compounds tations for a-axis epitaxy on the fourfoldNV(100) buffer
: . . layer?! From the x-ray-diffraction scans, theeaxis lattice
have been at th&® L edge or the TMK edge!®® with y y

. ; J)arameter is determined and given in Table I. From x-ray
relatively few soft x-ray measurements at the magneticall diffraction (XRD), a determination of the symmetry and lat-

important TML edge’” In this article, we apply the SUM tice parameters of a film is more straightforward than an
rules to Col-edge MCD data collected from a series of ,;nambiguous identification of the phase since only one di-
epitaxialR-Co (R=Pr, Nd, Sm, Dy, and Hofilms to inves-  octign of the unit cell is probed in the thin-film scattering

tigate the Co orbital moment and the role of the local Cogeometry. The phase identification is further complicated by

environment in the orbital quenching. the thermodynamic stability of many phases with similar
compositions, and, for a given composition, there are often
Il. EXPERIMENT polymorphic forms. Therefore, we identify the known phases

that most closely match the measured composition and XRD

The series of CdR films was grown by sputter deposition results.
onto MgQ(100) wafers coated with epitaxial 200 YA/(100) To determine the magnetic anisotropy fieldd,j, the
buffer layers. The compounds were formed by cosputteringn-plane and out-of-plane hysteresis loops were measured for
onto heated substrates and varying Eheleposition rate to each film in an extraction magnetometer with a maximum
control the composition. Details of the deposition of theseapplied field of 9 T. The room temperature out-of-plane mea-
and related compounds has been previously publi$hed.surements for both Pr-Co samples are shown in Fig. 2. These
Two different compositions were made for edRh R: Co  loops along the hard axis show that the anisotropy field is
nominally 1:5, and 2:17except for Ho, where only the 2:17 higher in the lower rare-earth content film. This shows the
sample was madeThese compositions were chosen becausehange in anisotropy field that can result from a difference in
they correspond to the crystalline phaseR)@os; and  structure, and points to a role for the Co sublattice in the
R,Coy;. The composition of each film was verified situby ~ MCA. All the samples have strong in-plane anisotropy con-
energy dispersive x-ray analysis, and was found to vary fronsistent with theira-axis orientation, but many do not show
the nominal composition in some films as a result of differ-the in-plane uniaxial anisotropy that might be expected for
ing rates of re-evaporation for differe®'s. The rare-earth this structure. This is due to the twinning that results from
content of each film is given in Table |. Based on thesethe two equivalent epitaxial orientations noted above. The
results we separate the films into a Co-rich sef@gse to  anisotropy field is typically on the order of a few Te¢tal0
2:17) and a moreR-rich series(close to 1:5 or 1:B The T for the Sm-Co films?* Some of the films also have high
typical film thickness was 5000 A, and each sample wasoom-temperature coercivity, up to 3.1 T. These magnetic
subsequently capped with30 A of Al to protect theR-Co  measurements are further evidence that the permanent mag-
film from atmospheric exposure, but still allow the MCD net phases of interest are formed in these films.
measurements to be performed. The magnetic circular dichroism measurements were

Shown in Fig. 1 is the out-of-plane x-ray diffraction scan made using the helical undulator on beamline 5 at the Stan-
from a Pr-Co film that is consistent with-axis growth of ford Synchrotron Radiation Laboratory. This undulator can
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Pr-Co 1:5

Pr-Co 2:17

X-ray absorption
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FIG. 2. Magnetization data from the Prgand PgCo,; samples. :
This sample has one of the highest anisotropy fields in the entire 210 0 10 20 30 40
series,<9 T. The SmCgsample has-10 T anisotropy field, while E -E._ (eV)
most other samples saturated at 3—5 T. Evenafthi field used in photon L3
the MCD experiments, the magnetization perpendicular to the film
in the unsaturated samples typically at least 70% of saturation.

FIG. 3. Polarization dependent x-ray absorption at theLGe
edges measured in partial electron yield mode for RrQte top
two curves are the absorption for left and right circular polarized

produce left-circularly polarizedLCP) or right-circularly light, and the bottom curve is the difference, or the MCD signal.

polarized (RCP light on the beam axi& The polarization
state is adjusted by shifting the phase between two sets of
undulator magnets, and can be set to LCP, RCP, vertical, g@mples in Fig. 4. Note the reversal in sign of the MCD
horizontal linear, and arbitrary elliptical in between. The de-signal for theR-rich Dy-Co sample, which indicates that the
gree of polarization for LCP and RCP at the magneticallyapplied magnetic field and the Co moment are antiparallel.
important 2-3d core level excitations in the TM's is This reflects the antiferromagnetic coupling of the Co &nd
~98%. The undulator light is monochromated, and the inci-moments in the compounds containing hedg. In all of
dent intensity is monitored by measuring the photocurrenthe other heavir samples, this antiferromagnetic coupling is
from a Au grid in the path of the monochromatic beam.also presumably present, but it is not observed in the sign of
Samples are placed ia 7 Texternal field normal to the film the MCD signal because these samples are more Co rich, and
plane, with the x-ray beam incident at 15° off normal. Al- the net moment is dominated by the Co moments.
though the film normal is the hard axis, this field is higher The raw spin-dependent absorption spectra were indepen-
than the saturation field except in the case of the Sm-Cdently normalized, and if necessary, scaled to match the pre-
samples. It has been shown that in the nonsaturated state, thad post-edge intensities between the two spectra. The dif-
orbital moment anisotropy causes a noncollinearity of theference spectra were then obtained from each of the pairs of
spin and orbital moments that is observable in the projectiomormalized spin-dependent spectra, and integrated numeri-
of u, along the measurement axisand that would require a cally to obtain values for the integrals in E). To obtain
correction tou,/ us However, given that the orbital moment the integral over only the; edge, the integration was cut off
anisotropy is small for these materials, and the samples am@ the onset of th&, edge. Using these numerical integrals,
nearly saturatedH,~ 10 T for Sm-C9, we expect the cor- the MCD sum rules were applied to obtain the ratio of the
rections to be small. All measurements were made with therbital to spin momentsi,/us) and the orbital to net mo-
sample at room temperature. As the incident photon energments (/). The applicability and limitations of the sum
is scanned through the @oedges, absorption is measured in rules, in particular for obtaining absolute moments, has been
partial electron yield mode by collecting secondaries with g&he subject of considerable debate. Most of the controversy
channeltron detector located along the external field axifias centered on surface effects that can be present in the
abou 1 m from the sample. Spin-dependent spectra are obmeasurements, and on uncertainties in some of the quantities
tained by collecting a spectrum at one photon helicity, rein Eq. (1), namely,n;,, (T,), and the background subtrac-
versing the helicity, and collecting a second spectrum. Eachion. We address these uncertainties as they pertain to our
pair of spectra were typically repeated 2 to 3 times for eachneasurements below. The quantity/ws, although subject
sample. A bulk hcp-Co film grown in the same sputteringto errors originating in background matching and the choice
chamber was also measured for comparison both tR#@®  of integration cutoffs, depends only on the integration of the
compound data and to MCD data from other groups. difference spectrum. Therefore it is not subject to errors
originating in the choice of background subtraction or the
number of 3l-band holes. Furthermore, although the abso-
lute moments may be subject to errors from overlap olthe

All the films show a large dichroism at the ©Cg ;edges, andL, edges, the difference spectrum is nearly zero by the
with a typical difference between the left and right circular onset of theL, edge and therefore the corresponding error in
polarized absorption 0f-40% of the total absorption in the wu,/ug is small. Another source of error ipy/us is the
L5 edge. The spin-dependent absorption spectra, along wittnagnetic dipole operator term in the spin sum rule,
their difference, are shown for the mdrerich Pr-Co sample  7(T,)/2(S,) for which we do not correct. As we will argue
in Fig. 3. The MCD spectra are summarized for all thebelow, this correction cannot change the valuewQf/ us

IIl. RESULTS AND DISCUSSION
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' L the mean-free path of the collected secondaries is long
enough such that the bulk region of the sample is the domi-

PrCo
: nant contribution to the signal. Therefore, assuming that the
NdCo electron escape depths in the compounds films are similar,
— and that the films are magnetically homogeneous, surface
snc effects should not be an important contribution to the orbital
Juil 0S

moments in these measurements. With one exception, all the
R-Co films have enhanced Co orbital moments. In the 2:17
samples.u,/us is typically ~0.25, with variations of only
H ~0.05 between differenR’s. The 1:5 samples have higher
moment ratios 0f~0.25-0.40, with much higher dependence
on theR species. The exception noted above is Pr-Co 1:5,
which has a Co orbital moment within the experimental error

‘E"D ® of that of the hcp-Co film. The values @f, / us are summa-

A Pr.Co rized, _alorjg with composition ar_ld _structural |n_format|on for

a v each film in Table I. Note that within the experimental error,

% ﬁ\f‘M— the orbital moments of the 2:17 samples are all nearly the
Nd,Co,, same, while the 1:5 samples appear to have a nonmonotonic

dependence on thef4shell filling.

Before we discuss these trends in the orbital moments,
some of the uncertainties arising from the use of the sum
rules should be addressed. One additional contribution to the
integrals in the spin sum rule is the magnetic dipole term,
(T,). This term has the effect of increasing the actual spin

Ho,Co,, moment, and thus reducing the moment ratio. In the elemen-
tal 3d ferromagnets, the centrosymmetric nature of the struc-
ture causes this correction to be small, of order '394:2°

However, in noncentrosymmetric systems, this term can be
L important. The nearest neighbors at some of the Co sites in

10 0 10 20 30 40 R-Co compounds do present such a noncentrosymmetric lo-
cal environment, so this term must be considered in the
Ephoton B EL3 (eV) present analysis before we can attempt to explain the system-

atics that are observed. Unfortunately, the size of the dipole
FIG. 4. MCD data (*-1") for all the CoR samples. Th&-rich  term in these particular structures has not been calculated, so
samples are shown in the upper hedf, while the more Co-rich  estimates based on other calculations must be made. Recent
samples are shown in the lower hetlj. Note the reversal in sign of  ca|cylations made at TM surfaces suggest that if the dipole
the_MCD signal for DyCg which shows that the Co moments are arm is as large in compounds as at such a surfaeel %
antiparallel to the Dy moments, as expected for _the heRigy In correction in the spin moment would be requi?édThis
tmh2n‘:;highti?svggsna?;f’,f;‘atlhig r(]:c?t rsngergems dominate the net mosq, 14 reduce all the moment ratios, but cannot account for
' ' the doubling of the ratio seen in the 2:17 samples or the more
than tripling in some of the 1:5 samples. Furthermore, even
enough to explain all the results. We have also found thaif the dipole term is large enough to account for all of the
Mol pe, although more dependent on details of the backenhancement in,/us, the resultingtotal moments would
ground subtraction and integration cutoffs, shows systemathen be unphysically large, or would require a very small
ics similar to u,/us. This suggests that eithgr,/ws or  number of 3l holes. For this reason, we conclude that the
Mol e can be used as a normalized indicator of the orbitabrbital moment enhancement is real, although the magnetic
moments to be compared across samples with different contlipole term probably requires a correction to the values re-
positions and structures. Based on the dependengg Qi;  ported here. The large orbital moments seen in these mea-
on the various parameters involved in the data analysis, sudurements therefore point to a possible origin for the large
as the choice of integration cutoffs, we estimate the size oM sublattice anisotropies in these and related compounds.
the error bar o,/ ug for all these measurements-a0.05. It is important to note, however, that due to the corrections
The hcp-Co film has a,/us value of 0.12. The differ- that may be required for the dipole term and any possible
ence between this measurement and recent transmissisnrface effects, the orbital moments observed here cannot be
MCD measurements taken from polycrystalline Co filmstaken as the bulk values for these compounds. Furthermore,
(0.095 (Ref. 7) is less than our error bar, and is therefore notMCD does not resolve the distinct Co atomic sites, so any
significant. Also, the results of band structure calculations oimoments derived from the data represent averages over all
the expected bulk moments show similar valuesthe Co sites which may be present in a given compound.
(0.051-0.089%*?° An epitaxial bce-Fe film shows similar Therefore, with these limitations in mind, we only compare
correspondence to transmission measurements and calcutae orbital-to-spin moment ratios between samples and com-
tions. The agreement suggests that in our electron yield meanent on the trends that occur with structure or composition.
surements, which must be surface sensitive to some degree, The origin of the orbital moment is surely related to the
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local Co structural and electronic environment. All the com- 5.08 L 1
pounds considered here have expanded Co volumes in rela-
tion to bulk hep Co, which suggests that thd Bands may | —=—a(d)
be more atomiclike and therefore have less orbital quench- 506 <
ing. The larger orbital moments and their variations vh
species in samples with similar composition suggests that the 504 F
orbital moments are also influenced by ReThis suggests
the possibility of a correlation with thie 4f orbital moment, 4 06
however we see no such correlation, since allRfgin this _ 302
study haveL =5 or 6, assuming trivalerR ions. Theu,/ug N
values do appear to correlate roughly with the averagdrCo-
bond lengths, while they do not show any dependence on the
average Co-Co bond lengthside from the enhancement in
going from bulk hcp Co to the compoundbased on pub- 498
lished structural data for each of the phases. In general, the
1:5 samples have longer ®-bonds than the 2:17 samples, 102
and they also have higher orbital moments. a9 L _ L
Aside from these general trends, there are differences in
the dependence of orbital moment witli ghell filling that 4.94 P T S R T S T S
we now discuss. In general, the Gbhond lengths are re-
duced as the #shell is filled, due to the lanthanide contrac- Pr Nd Pm Sm Eu Gd Tb Dy Ho
tion. It might be expected, then, that the Co Bands would

broaden and the orbital moments would decrease wfth 4 FIG. 5. Orbital to spin moment raticgower) anda lattice pa-
.rameters (upped) summarized for the R)Co; samples. Empty

blv d h I ber Bf iahb gquares are x-ray data from the sputtered films, filled squares are
possibly due to the small number Bfnearest neighbors at  ished bulk data forR)Cas, and the dotted line is a fit to the

each Co atom. For bulkR) Co; compounds, the lattice pa- |anthanide contraction. The dashed line shows/u. for the
rameters do not strictly follow the monotonic lanthanide con-pep_co film. This shows that the orbital moments are enhanced, but
traction behavior, in particular Prgand NdCg have lattice  there is a quenching effect which occurs at the onset of the Ce
parameters that are reduced from their expected values basggbmaly in the lattice parameter.
on an interpolation of the lanthanide contraction from the
heavy rare earths. The correlation with lattice parameter ian atomic model, with the exception of Ce compounds, in
still not good, since NdGphas the largest lattice parameter, which it can have significant band character. It is this band-
but SmCg has the largest orbital moment. Also, the PgCo structure effect that drives the well-known anomaly in the
lattice is more expanded than that of HaCout its orbital  lattice parameter at Ce irR)Cos; As noted above, however,
moment is quenched to the value of hcp-Co metal. Theseven for Pr and Nd the bulk lattice parameters are reduced
results indicate that the interactions that drive the developfrom the expected lanthanide contraction behavior, based on
ment of orbital moments in these compounds are more subtlen interpolation from La to the heaW’s. This behavior is
than simple atomic volume arguments alone would suggesblso observed in our lattice parameter data from the 1:5
and that effects other than the structural changes are aldidms, and is shown in Fig. 5 along with the orbital moment
important. data. Note that the orbital quenching is correlated with the
We therefore must consider the electronic structure obnset of the lattice parameter anomaly. This suggests that in
R-TM compounds for possible mechanisms for Bispecies  Pr and Nd, the # electrons still participate in the bonding
dependence of the orbital moments. The Gb [Bands are enough to collapse the lattice parameter, and may also par-
subject to hybridization with th& 5d bands, and, if the # ticipate in 3-4f hybridization. With 31-4f hybridization
shells are not completely localized, with thd 4hells as present in the lighR’s, the Co 3l bands would be signifi-
well. These two orbitals behave differently withshell fill-  cantly affected, and this could change the orbital character of
ing, and we discuss them separately below. the moments at the Co sites. Above Nd, tHeshell is pre-
The magnetic coupling of the TM to tHe is via an anti-  sumably well localized and the behavior is dominated by the
ferromagnetic 8-5d hybridization interactiod/?® As the  lanthanide contraction. Although such a delocalization of the
Co-R bond length is reduced, either by the lanthanide con4f shell has been invoked to explain the lattice parameter
traction or by a structural transition, thel&d wave func-  anomaly in CeCg?° similar calculations do not exist for the
tion overlap is increased, and Ca dands broaden, which corresponding Pr or Nd compounds. Unfortunately, these
reduces the orbital moment. In addition, as one moves alongalculations do not extend above Ce, and our MCD data do
the lanthanide series,d5bands respond to the increased not include the La and Ce compounds, so we cannot make a
screening from the # shell by shifting up and broadening. connection to these calculations with these data. We should
These effects, which result in opposing effects on the bandlso point out that we do not expect to be able to resolve
overlap, could influence the Co orbital moments. Howeverthese changes in the Caldands directly in the x-ray ab-
the band structures themselves are unknown, as is the effesbrption spectroscopy data.
on the orbital moments. While a quantitative treatment of these band-structure ef-
The 4f shell localization is also dependent on the shellfects is not within the scope of this article, we have shown
filling. The 4f shell in the lanthanides is well described by how the deviations from a straightforward magnetovolume

urds Ti/q.lo i

—e—RE-Co
— = -hep-Co
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L 1 bital moment may be more difficult to observe over the ex-
4.96 - perimental errors.

| IV. SUMMARY
4.94 | 0.8 o _ _
Magnetic circular dichroism measurements were taken at

- the Col,; edges on a series of epitaxiglCo films. The
492 1 films had nominal composition of eith&:Co 1:5 or 2:17,
with R=Pr, Nd, Sm, Dy, and Ho. Using the MCD sum rules,
the orbital to spin moment ratios were extracted from the
data. The Co orbital moments in most of the compounds are
1 04 strongly enhanced as compared to bulk Co, with the 1:5
4.88 I samples showing the highest orbital moments. The large or-
— — bital moment on the TM is presumably the origin of the large
436 F — ——-hepCo g, TM sublattice contribution to the magnetocrystalline anisot-
—e—RE-Co : ropy energy in manR-TM permanent magnets. For the 2:17
————————————————— compounds, the orbital moments do not dependRospe-
484 cies, while for the 1:5's there is a stronger dependence.
L) 0 The origin of the orbital moment appears to be related to
the local electronic and structural environment at the Co
sites. There is a rough dependence on the average Co atomic
FIG. 6. Same as Fig. 5, but for the lowrcontent(2:17) films. V(_)Iume: which arises out of a mOdUIat'_on 9f th_e Qbmnd'
width via the 3-3d and 3d-5d hybridization interactions.
An analysis of Co-Co and C& bond distances from bulk
structural data suggests that this volume dependence is
driven mainly by the CdR bond distance. In the 1:5 com-
pounds, the Co orbital moments in the Pr and Nd samples are
guenched to lower values than is expected from the magne-
tovolume dependence. This is attributed to a significaint 4
é) nd character in the very ligiR’s, similar to that which
rives the Ce anomalies irRjCos, resulting in 31-4f hy-

49

a(A)
urds Ti/qm TI

Pr Nd Pm Sm Eu Gd Tb Dy Ho

dependence of the Co orbital momentskR@f shell filling
could arise out of details of tHe-TM electronic interactions.
For the very lightR’s, 4f shell delocalization results in
3d-4f hybridization, broadening thed3bands and quench-
ing the orbital moments. For the heavy lanthanit®s and
heaviej, the spatial extent of thef4dshell is reduced by the
increased nuclear charge such that the behavior is dominat
E?’Og];ef:éhgﬁﬁgrﬁ;r&?ggg’;zgvgfg;hﬁyggdiﬁ%snaés bridization. Above Nd, the #ishell is well localized and the

the local volume is reduced. The result is the observed stron?ﬂ(:“ha\/ior is determined primarily by_ the lanthanide contrac-.
quenching of the orbital moment in the Pr and Nd films, with. on. The absence of these effects in the 2:17 compounds is

; : terpreted as resulting from the lowBrcontent, such that
SmCag possessing the largest Co orbital moment. In e ’ .
Wg) glso note tghat in 2.917 compounds, the Ce lattice papoth the effects of 8-4f hybridization and the lanthanide
rameter anomaly is appafently absent o,r is a much Smallé:rontraction are lost within the error bar on the orbital mo-
effect. This suggests that due to the réduB’ecbntent rela- ment. These results show how subtle changes in crystal and

tive to the 1:5 compounds,d34f hybridization is a smaller electronic structure can be important in determining the in-

effect in these compounds and we can expect less orbitéﬂnf'c trk?agne}:]ct pr?ﬁ)ﬁrnr(]es gﬁ‘?\rﬂn crompcr)rl]mldf. F\l/Jr':he:i— N
guenching from the lighR’s. In this case th&k dependence ore, they point out thé need for moreé complete evaluations

of the orbital moment should be determined primarily by theOf the band structure of ‘h’?se isostructural c_or_npound_s for_a
effect of lanthanide contraction on thel®d and 3-5d more c_omplete Llilnderstandlng of the magnetic interactions in
hybridization. In Fig. 6 we plot the lattice parameter andR'TNI Intermetallics.

orbital moment ratio data for the low& content film, on the
same vertical scales as in Fig. 5. For these samples we do not
see the orbital quenching observed in the Pr- and Nd-Co We gratefully acknowledge Piero Piannetta of SSRL for
films. This suggests that any electronic effects observed ithe use of the high-field magnet endstation, and Dale Koel-
the 1:5 case are much smaller effects in the lower rare-eartling of ANL for helpful discussions. This work is supported
content samples, which provides further evidence that théy the United States Department of Energy office of Basic
development of the orbital moment is driven at least partiallyEnergy Sciences under Contract Nos. W-31-109-ENG-38
by the presence of thR. We also do not see the lanthanide (ANL), DE-AC03-76SF00515 (SSRL, and W-7405-
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