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4f spin density in the reentrant ferromagnet SmMn2Ge2
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The spin contribution to the magnetic moment in SmMn2Ge2 has been measured by magnetic Compton
scattering in both the low- and high-temperature ferromagnetic phases. At low temperature, the Sm site is
shown to possess a large 4f spin moment of 3.460.1mB , aligned antiparallel to the total magnetic moment. At
high temperature, the data show conclusively that ordered magnetic moments are present on the samarium site.
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The ternary compounds of structureRT2X2, whereR is a
rare earth,T is a transition metal, andX is either Si or Ge, are
of considerable interest since they exhibit a wide variety
phenomena, ranging from heavy fermion behavior and
perconductivity to strong ferro- and antiferromagnetism1,2

The RMn2Ge2 subseries is of particular interest as the tra
sition metal carries a magnetic moment. These compou
crystallize in the ThCr2Si2-type body-centered tetragon
structure consisting of layers stacked along thec axis in the
sequenceR-Ge-Mn2-Ge-R ~Refs. 1 and 2!. The magnetic or-
dering depends critically on the planar Mn-Mn distance,d.
For values greater thandc52.87 Å ferromagnetism is ob
served, whereas below this antiferromagnetic ordering is
vored. In SmMn2Ge2 , d is approximately equal to this criti
cal value,3 and numerous magnetization measuremen4,5

have shown a complex temperature dependence of the m
netic ordering in the compound. Furthermore, this mate
exhibits giant magnetoresistance of magnitude'8% associ-
ated with the antiferromagnetic phase.6 As a naturally lay-
ered material, the properties of SmMn2Ge2 provide an inter-
esting complement to studies of artificial multilay
materials.

The purpose of the present study was to determine
moments on the Sm site at different temperatures. The
moments on the Sm and Mn sites were determined by fit
atomic models to the magnetic Compton profiles~MCP’s!.

One of the key objectives of earlier work has been
determine the different magnetic structures of this materia
various temperatures.3–5,7–9 SmMn2Ge2 has three magneti
cally ordered phases. At 345 K~above which it is paramag
netic!, the material becomes ferromagnetic. Below 155
antiferromagnetic ordering occurs, and remains for temp
tures down to 105 K~Ref. 9!, then the compound become
ferromagnetic once more. The ordering is strongly ani
tropic: in the high-temperature ferromagnetic phase, the e
axis lies along the@001# direction but along the@110# direc-
tion in the low-temperature ferromagnetic phase. A furth
phase transition has been suggested atTc'30 K and was
thought to arise from an ordering of the Sm magne
moment.3

Very recently, Tomkaet al.9 used powder neutron diffrac
tion to study the origin of the magnetic moments in th
PRB 620163-1829/2000/62~10!/6073~4!/$15.00
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material. They revealed a complex noncollinear buck
structure with net ferromagnetic components of'2mB per
Mn and up to 0.65mB per Sm site. It was shown that the M
moments are not aligned with any high-symmetry direct
of the crystal, and that the change in orientation of the e
magnetization axis results from a change of the coupli
which leads to cancellation of the net ferromagnetic mom
components within the basal plane or along@001# in the
high- and low-temperature phases, respectively. These m
surements were performed on isotopically enriched sam
in order to minimize the prohibitive neutron absorption
natural samarium. Tomkaet al. derived these results from
Rietveld refinement which relies on tabulated values for
neutron magnetic form factors. They assumed the Sm
ment to be induced by the Mn net ferromagnetic moment
therefore they refined only its collinear projection. Whi
Tomkaet al. were mostly concerned with the Mn antiferro
magnetism, our current work focuses on the distribution
the net ferromagnetic moments, mainly on the Sm sublatt
For more details on the antiferromagnetic structures, we r
the reader to Ref. 9.

Samarium has electronic configuration 4f 5, and its
Hund’s rules ground state is predicted to have a small t
moment of 0.84mB arising from large antiparallel spin (S
55/2) and orbital (L55) angular momenta. However, an
other J multiplet lies just above this free-ion ground stat
and crystalline electric field~CEF! effects frequently lead to
different ground states: hence Hund’s rules are expecte
be unreliable in this system. Indeed in pure Sm metal
paramagnetic moment is observed to be 1.5mB , instead of
the 0.84mB expected. Consequently, knowledge of the s
and orbital moments is particularly important in order to u
derstand the magnetization of this material. Magnetic fo
factors are sensitive to the assumedS and L values of the
magnetic ground state, leading to uncertainties in the t
Sm moment derived from neutron powder data. X-ray m
netic circular dichroism~XMCD! is not an ideal technique in
this case because the validity of the sum rules is not w
established for the investigation of 4f materials. This mag-
netic Compton scattering~MCS! measurement, howeve
provides this essential information directly and unambig
ously.
R6073 ©2000 The American Physical Society
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MCS is a uniquely sensitive probe of the spin compon
of the magnetization. The Compton effect is observed w
high-energy photons are scattered off electrons. For bo
electrons which have some distribution of momenta, the s
tered photon energy is Doppler broadened into an ene
distribution. The Compton profile,J(pz), is defined as the
one-dimensional projection of the electron momentum dis
bution,n(p), onto the scattering vector, taken to be para
to thez direction:

J~pz!5E E n~p!dpxdpy . ~1!

Within the impulse approximation,10 the Compton profile
is directly proportional to the scattering cross section.11 The
integral ofJ(pz) is simply the total number of electrons p
unit cell. If the photons impinging on a sample have a co
ponent of circular polarization, then a small spin depende
appears in the scattering cross section.12 Reversing either the
photon polarization or the magnetization of the sam
changes the sign of the spin-dependent signal, which ena
the spin part to be isolated. The resultant magnetic Comp
profile ~MCP!, is a projection of the momentum density
only those electrons with unpaired spins,

Jmag~pz!5E E @n↑~p!2n↓~p!#dpxdpy . ~2!

Here,n↑(p) andn↓(p) are the momentum-dependent m
jority and minority spin densities, respectively. The area
der the MCP is equal to the number of unpaired electro
i.e., the total spin moment per formula unit in Bohr magn
tons.

Magnetic Compton scattering is now an established te
nique for probing momentum space-spin densities and b
structures in magnetic materials.13,14 Within the impulse ap-
proximation, the method is solely sensitive tospin magnetic
moments,S ~Refs. 13, 15 and 16!; the orbital moment,L, is
not measured.17 This is especially useful in the light rar
earths and actinides, whereJ5L2S may be small, even ifL
andS are large. Unlike XMCD, MCS is equally sensitive
all spin-polarized electrons, regardless of their binding
ergy and the symmetry of their wave functions. Since
MCP is a difference between Compton profiles, the con
butions from the spin-paired electrons and from unwan
systematic sources cancel out. In the study of Sm and rel
materials, high-energy x rays have the additional advant
that they do not suffer from the large absorption factors
sociated with neutrons, which have severely hindered s
experiments.9

The basal plane MCP for SmMn2Ge2 was measured on
the high-energy x-ray beamline, ID15, of the ESRF. T
experiment was performed in reflection geometry18 with a
scattering angle of 168°. The incident beam energy of 2
keV was selected by the$311% reflection of a Si monochro
mator. The sample was grown by the slow cooling of a t
nary melt rich in Mn and Ge~Ref. 19!. For the experiment a
piece of dimensions 53331.5 mm3 was cut from the re-
sultant crystal and was oriented so that the resolved direc
was in the basal plane to within62°.
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The temperature of the sample was maintained at 1562
K, 4062 K, and 23062 K for the three measurements. Th
sample’s magnetization was reversed with a 0.96 T rota
permanent magnet. For the two low-temperature meas
ments, this was sufficient to saturate the magnetic mom
while at 230 K the moment was approximately 50% sa
rated, since in the high-temperature ferromagnetic phase
easy axis is perpendicular to the basal plane. A degre
circular polarization ofPc'45% was obtained by selecting
beam 20mrad above the orbital plane of the synchrotro
The energy spectrum of the scattered x rays was measure
a solid-state Ge detector. The momentum resolution obta
was 0.44 atomic units ~a.u., where 1 a.u.51.99
310224 kg m s21). The total number of counts in each o
the charge profiles was 1.53108, resulting in 3.73106 in the
MCP with a statistical precision of63% at the magnetic
Compton peak in a bin of width 0.09 a.u. The usual corr
tion procedures20 for the energy dependence of the detec
efficiency, absorption, the relativistic scattering cross s
tion, and magnetic multiple scattering were applied, and a
checking that the profiles were symmetric about zero m
mentum, the MCP’s were folded about this point to increa
the effective statistical precision of the data. The amplitu
of the MCP spectra,Jmag(pz), was calibrated using data fo
Fe and Ni obtained under the same experimental condit
to correct for the partial circular polarization of the incide
beam and other geometrical factors.

The results from the measurements at 15 and 40 K
shown in Fig. 1, together with model profiles for Sm 4f and
Mn 3d electrons based on relativistic Hartree Fock~RHF!
free atom wave functions.21 The model profiles have bee
scaled to provide a best least-squares fit to the data fopz
.1.5 a.u. The fact that these free atom model profiles m
provide an accurate description of the Compton profiles
high momentum results from energy considerations. The
netic energy of the electron distribution is given by the s
ond moment of the Compton profile. The virial theorem e
sures that the kinetic energy and the total energy

FIG. 1. The experimental magnetic Compton profile
SmMn2Ge2 at T515 K andT540 K. The fits were performed for
pz.1.5 a.u., using RHF predictions for the Mn 3d and Sm 4f
moment, convoluted with a Gaussian of full width at half maximu
50.44 a.u. to represent the experimental resolution.
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numerically equal but opposite in sign. Therefore the v
small total energy changes responsible for cohesion de
from changes in the electron distribution at low momen
associated with electron density away from the atomic co
The profiles for Mn 3d and Sm 4f electrons are significantly
different, the latter being 50% broader, and therefore fitt
at high momenta can be used to separate the moments.
difference can be thought of as simply arising from the f
that the Sm 4f electrons are more tightly bound than the M
3d electrons, and this difference manifests itself in high
momentum components for the 4f against the 3d electrons:
a result which is also evident from simple consideration
the uncertainty principle.

The analysis of magnetic Compton line shapes in term
the characteristically different orbital profiles has been de
onstrated in many similar cases, e.g., HoFe2,20 CeFe2,22 and
UFe2.23 Our results presented in Fig. 1 clearly show th
there is a large negative 4f spin moment, opposed to th
positive Mn 3d moment. Even though the magnetic config
ration of Sm is sensitive to the CEF environment, the MC
of Sm and other 4f materials indicate that deviations from
the atomic behavior are small, a result also supported
neutron-diffraction data. Thus the area under the fittedf
curve gives a reliable estimate of the Sm spin moment. C
bination of bulk magnetization data with the measured s
moments allow us to infer the size of the orbital mome
These values, given in Table I were determined as follow

The total spin moment, calculated simply by integrati
the MCP, is effectively zero for the 15 and 40 K data. T
area under the Sm 4f profile at 40 K was deduced to b
3.460.1mB per formula unit. This means that the spin m
ment associated with the Mn 3d electrons together with the
delocalized electrons, also amounts to the same value, 3mB
per formula unit, but aligned antiparallel. Note that the fitt
Mn 3d profile ~dotted line in~Fig. 1! is inappropriate at low
momenta (pz,1.5 a.u.! because the 3d electrons are sensi
tive to the solid-state environment, and their contributi
will differ from free-atom behavior, unlike the Sm 4f elec-
trons. In addition small contributions at low momentum fro
both delocalized Mn (4sp-like! and Sm (5d- and 6sp-like!
electrons, are evident in Fig. 1 from the discrepancy betw
the data and the fitted curve at low momentum. Similar
fects are found in studies on other 3d systems,24 and an
electronic structure calculation would be needed to exam
this further. The main interpretation of this MCP is that the
is a Sm 4f spin moment of 3.4mB , which is aligned antipar-
allel to the Mn 3d and total magnetizations. Since the to
spin moment is zero, we can also deduce the size of
orbital moment in this material. In order to account for t
macroscopic ferromagnetic moment of 4.1mB measured by

TABLE I. The magnetic moments associated with Sm and
at 15 K and 40 K.

Moments@mB /formula unit# 15 K 40 K

Total spin 20.01(3) 10.02(3)
Sm spin 23.5(1) 23.4(1)
Mn1delocalized spin 13.5(1) 13.4(1)
Total magnetization 14.1 14.1
Total orbital 14.1 14.1
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superconducting quantum interference device magnetom
there must be an orbital moment of this size. This orb
moment is aligned with the total magnetization, i.e., para
to the Mn spin direction. A large orbital contribution is ex
pected from the Sm 4f shell (L55), while the orbital mo-
ment of delocalized electrons is usually quenched. The tr
sition metals represent an intermediate case, where spin-
coupling and CEF effects are of comparable strength, th
fore a 3d orbital moment will be reduced, but cannot b
ruled out completely, as has been shown recently in N
~Ref. 25!. In the Mn21 ion the 3d shell is exactly half filled
(S55/2, L50), so that the orbital moment vanishes.
SmMn2Ge2, however, the valence of Mn is not known, s
that an orbital moment on the Mn site cannot be neglectea
priori . Nevertheless, the comparison of MCP’s and bu
magnetization clearly shows that at low temperature ther
a significant contribution from orbital moments, even thou
from the present measurements we cannot determine its
gin,

The moments determined for the 15 K data~Fig. 1! and
given in Table I show that no significant difference was o
served between the 15 and 40 K profiles. Hence, we obs
no evidence of the reordering of the Sm moment betw
these temperatures proposed by Sampathkumaranet al.3

In Fig. 2 we present preliminary MCP data measured
T5230 K. Despite the poorer statistical accuracy it is cle
that the data are still negative for momenta above 3 a.u
fact the area in the region 4,pz,10 a.u. is 20.04
60.01mB . The Sm 4f spin moment is reduced compare
with the low-temperature data. The lines shown in Fig.
represent fits to the data points first assuming there is no
spin moment present~dashed line! and then assuming con
tributions from both Sm 4f and Mn 3d electrons~solid line!.
The least-squares fit was made in the momentum range
,pz,15 a.u., i.e., beyond the low momentum region whe
solid-state effects reduce the Mn moment. The curve
tained using Mn only clearly does not represent a good fi
the data, whereas the data points show a normal distribu

FIG. 2. The experimental magnetic Compton profile
SmMn2Ge2 at T5230 K. The lines represent the fitted RHF profile
obtained using the least-squares method for Mn 3d electrons only
and both Sm 4f and Mn 3d electrons. These fits clearly indicate th
presence of a Sm 4f contribution.
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about the fit including both Sm and Mn contributions, whi
yields a Sm spin moment of 0.760.1mB , again aligned an-
tiparallel to the total and Mn 3d magnetizations. The Sm
spin moment has been observed conclusively in the h
temperature phase in this material. A vanishing Sm mom
at high temperature could not be excluded in the neutron
of Tomkaet al.9 since the refinement procedure was cons
tent with moment values ranging from zero to 0.6mB . It
should also be noted that since thetotal moment, measured
by neutrons, is much smaller than the spin and orbital c
tributions, the magnetic Compton scattering experimen
more sensitive to the existence of any ferromagnetic ord
ing. Furthermore, the MCP result does not rely on comp
data analysis; it can be deduced directly from the raw d
The negative tail of the MCP’s shown in Figs. 1 and 2 can
be interpreted without a negative 4f contribution to the mo-
ment.

The bulk magnetization at 230 K and 0.96 T was me
sured to be 2.1mB . Together with the spin component me
sured by MCP, 0.7mB , this means that there has to be
h-
nt
ta

s-

n-
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ot
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orbital magnetic moment of 1.4mB . Where this unexpectedly
large orbital moment originates is the subject of ongo
research.

In conclusion, our results show that in the low
temperature ferromagnetic phase there is a large spin
ment of 3.460.1mB , negatively polarized with respect to th
Mn spin moment and total magnetization. This, together w
the magnetization data, means that there is also a large
bital moment of similar size. Our data do not support t
existence of a magnetic phase transition nearT530 K. At
high temperature, a Sm 4f moment definitely exists, albei
reduced in size from the low-temperature value.
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