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Fe K-edge x-ray magnetic circular dichroism study in R 6Fe23 „RÄHo and Y …

compounds near compensation temperature
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We present a x-ray magnetic circular dichroism~XMCD! study performed at the FeK edge in
R6Fe23 compounds exhibiting magnetic compensation~R5Ho and Y!. The FeK-edge XMCD signal
has been identified as due to both Fe itself and rare-earth contributions. Following a simple
two-sublattices model for the analysis of the dichroic signal the contribution of the rare-earth
sublattice to total FeK-edge XMCD signal has been extracted and proven to be directly correlated
to the R magnetic moment. ©2000 American Institute of Physics.@S0021-8979~00!09413-5#
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I. INTRODUCTION

In recent years, a large body of research has been de
oped for the study of the magnetic properties of several r
earth transition-metal~R–M! compounds by means of th
x-ray magnetic circular dichroism~XMCD! technique.1–3

Special interest has been focused on the XMCD at theL2,3

edges of rare earth, probing the R– 5d states, as they mediat
the magnetic interaction between the R and M sublattic4

However, the interpretation of XMCD at these edges is
matter of debate because they do not follow simple rules5–8

In a previous work we have proposed an alternative way
overcome this problem and to magnetically characterize
R– 5d states which can be found by studying the XMCD
the transition-metalK-edge in R–M compounds.9 The ex-
perimental findings have shown that the FeK-edge XMCD
signals are directly related to the Fe(4p,3d) – R(5d) hybrid-
ized band, so that it would be possible to monitor the m
netism of the 5d states.9,10

To further clarify this behavior we present in this wo
an XMCD study performed at the FeK edge in the R6Fe23

series showing compensation phenomenon. In these sys
the coupling between R and Fe moments is antiferrom
netic for heavy rare earths. It implies that the total magn
zation starts to decrease somewhat below the Curie temp
ture owing to the increasing ordering of 4f moments, so tha
the total magnetization may vanish at a given tempera
~defined as a compensation temperatureTCP! and at tempera-
tures belowTCP the magnetization of the R sublattice pr
vails.

a!Author to whom correspondence should be addressed; electronic
jchaboy@posta.unizar.es
3360021-8979/2000/88(1)/336/3/$17.00
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II. EXPERIMENT

Polycrystalline R6Fe23 samples with R5~Y, Tb, Dy, Ho
and Er! were prepared following standard procedures.11 Both
phase and structural analysis were performed by usin
standard x-ray diffractometer. X-ray analysis showed that
the samples are single phase. The magnetic measurem
were performed by using commercial superconducting qu
tum interference device magnetometer~Quantum Design
MPMS-S5! equipped with an ac susceptibility attachment

XMCD experiments were performed at the FeK edge on
Y6Fe23 and Ho6Fe23 compounds at the x-ray undulator beam
line BL39XU of the SPring8.12 We have selected Ho6Fe23 as
it presents the most convenientTCP. The storage ring was
operated with a beam energy of 8 GeV and a maxim
stored current of 70 mA. The x-ray radiation was monoch
matized using a Si~111! fixed-exit double-crystal monochro
mator. The XMCD spectra were recorded in the transmiss
mode using the helicity modulation technique13 at different
fixed temperatures from room temperature down to 50
using a closed-cycle He cryostat. Samples were magnet
under the action of a 0.6 T magnetic field applied at 4
away from the incident-beam direction. The degree of cir
lar polarization was estimated to be.90%.

The spin-dependent absorption coefficient was then
tained as the difference of the absorption coefficientmc

5(m22m1) for antiparallelm2 and parallelm1 orientation
of the photon helicity and sample magnetization. The spe
were normalized to the averaged absorption coefficien
high energym0 in order to eliminate the dependence of t
absorption on the sample thickness, so thatmc(E)/m0

5@m2(E)2m1(E)#/m0 corresponds to the dimensionle
spin-dependent absorption coefficient. The origin of the
il:
© 2000 American Institute of Physics
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ergy scale was chosen at the inflection point of the abs
tion edge.

III. RESULTS AND DISCUSSION

The thermal dependence of the magnetization of Y6Fe23

and Ho6Fe23 measured under an applied field of 10 kOe a
shown in Fig. 1. The magnetization~M! vs temperature~T!
behavior of Y6Fe23 shows a slight increase as the tempe
ture decreases corresponding to the enhancement of th
magnetic moment at low temperatures.11 On the contrary, the
magnetization of Ho6Fe23 decreases when cooling dow
from room temperature up to reach a minimum at abouT
5195 K and then shows a continuous increase up to the l
est measured temperature. This behavior is typical of m
netic compensation between the Fe and Ho sublattices.
commonly accepted model to account for the magnetic
havior of R–Fe intermetallics is based on the existence o
antiferromagnetic coupling between Fe spins and R(4f )
spins.4 For compounds in which R is a light rare-earth e
ment (J5L2S) this implies that the total rare-earth mome
~gJ! is coupled parallel to the Fe moments. By contra
when R is a heavy rare-earth element (J5L1S) the total
rare-earth moment is antiparallel coupled to the Fe mom
The latter is the case of Ho6Fe23: the Fe sublattice magnet
zation dominates at high temperatures but as the temper
decreases the increase of the Ho magnetic moment is l
enough to compensate Fe magnetization and therefore
magnetization vanishes. Below this compensation temp
ture magnetization of the Ho sublattice prevails.11,14,15Under
such particular behavior the FeK-edge XMCD signals are
expected to strongly vary as a function of temperature
particular the change of sign of the signal is expected
occur belowTCP. This latter is due to the fact that below th
temperature the magnetization of Fe sublattice is opposit
the total one of the sample which is fixed by the action of
external field applied. This is shown in Fig. 2, where the
K-edge signal of Y6Fe23 recorded at room temperature
compared to that of Ho6Fe23. The shape of the FeK-edge
XMCD signal of Y6Fe23 is closely related to that of Fe meta

FIG. 1. Thermal dependence of the magnetization of Y6Fe23 and Ho6Fe23

under an applied field of 10 kOe.
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the spectrum shows a 4 eVwide positive peak at the absorp
tion threshold~;7.112 keV! and a broader negative dip a
higher energies. By contrast, the FeK-edge signal of Ho6Fe23

shows a dramatic change with respect to those of the Y~non-
magnetic R-based compound! as an additional positive fea
ture arises at;7.118 keV, just on the dip of the Y6Fe23

signal, that we address as a Ho contribution. Indeed,
K-edge XMCD signals are directly related to th
Fe(4p,3d) – R(5d) hybridized band, so that the extracte
signals resemble the magnetic state of the rare earth thro
the splitting of the 5d component due to the exchange inte
action with the 4f magnetic moments.9,10

The intensity of this additional feature is higher than t
first positive peak. These results are in agreement with p
vious findings on the R2Fe14B series.9,10 Consequently, it is
demonstrated that the dependence of the FeK-edge XMCD
signals in R–Fe intermetallics are markedly different as
function of the rare-earth nature, i.e., nonmagnetic, light a
heavy rare-earth cases.

FIG. 3. Comparison between the thermal dependence ofmHo ~h! andmFe

~s! derived from magnetization data and the normalized intensity of
~solid h! and Fe~solid s! contributions to the XMCD spectrum.

FIG. 2. ~a! Fe K-edge XMCD spectrum of Y6Fe23 ~bottom panel! and
Ho6Fe23 ~top panel! recorded at room temperature.
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Finally, trying to get a deeper insight into the correctne
of our analysis, we have compared the intensity of pe
centered atE57.112 keV ~PFe) and E57.118 keV (PHo),
that we ascribed as being due to Fe and Ho, respectivel
the magnitude ofmFe and mHo magnetic moments derive
from our magnetization data following a simple tw
sublattice model. If our assignments are correct, what is
pected is a greater increase of the intensity of the sec
peak as temperature decreases, corresponding to the
enhancement of the Ho magnetic moment needed to c
pensate Fe sublattice magnetization. This comparison
shown in Fig. 3, which clearly demonstrates how the int
sity of the two peaksPFe and PHo follows the thermal de-
pendence of Fe and Ho magnetic moments, respectively

Summarizing, in this work we have presented an XMC
study at the ironK edge in the R6Fe23 series. This study
identifies the influence of the rare-earth magnetic state on
Fe K-edge XMCD signals. Our results demonstrate that
contribution of both Fe and R to the FeK-edge XMCD spec-
tra can be easily isolated following its temperatu
dependent behavior throughTCP, and that they can be di
rectly correlated to the Fe and R magnetic moments.
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