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Resonant x-ray scattering study of magnetic ordering due to Fermi-surface nesting
in SmNi2Ge2
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We report the results of x-ray resonant scattering studies of samarium nickel germanide (SmNi2Ge2) com-
pound. We confirm that the magnetic structures of this material are in accordance with Fermi-surface nesting
as was hypothesized earlier. SmNi2Ge2 orders in anincommensurateantiferromagnetic~AF! structure charac-
terized by a single propagation vectorq5(0,0,qz). The value ofqz is temperature dependent and approaches
;0.775 r.l.u. nearTN517.7 K. Below Tt511.8 K, the AF structure is characterized byqz50.7960.002,
indicating a long-period-ordered phase. Ordered moments are confined to the basal plane in both the phases, as
evidenced by theQ dependence of the magnetic-peak intensities. The temperature dependence of the magnetic
structures is consistent with the ‘‘superzone’’ gap theory. In addition, a strong quadrupolar resonance below the
Sm L III edge was observed and compared to recent theoretical work.

DOI: 10.1103/PhysRevB.65.054404 PACS number~s!: 75.25.1z, 75.10.2b, 75.30.2m, 78.70.Ck
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I. INTRODUCTION

Materials with complex crystal structure and multiato
composition, such as the ternary and quaternary rare-e
intermetallics, possess intricate electronic structures.
then expects rather complicated and competing interact
to be at play in determining their magnetic ground state1,2

Nevertheless, in some cases it is possible to describe
magnetic behavior, which is determined primarily by t
open but localized and correlated 4f shell, of a whole family
of materials rather well, on the basis of a simple Hamilton
containing crystal electric field~CEF! and Heisenberg-type
exchange interactions alone. Whereas the CEF effects
single-ion phenomena that create a semiclassical potenti
restrict the direction of the 4f moment at a particular site, th
latter, formally known as the RKKY-type exchange intera
tion, plays the prominent role in establishing magnetic lon
range order.3–5 The rare-earth ~R! nickel germanides
RNi2Ge2,

6 with the well-studied ThCr2Si2-type structure ap-
pear to be such systems. Although the detailed nature o
ground state in these materials is determined by a su
balance between RKKY and CEF interactions, very close
the transition the RKKY term can be dominant because
varies ass2 ~where s5u^J&u/J is the thermally averaged
reduced moment! compared to thes l ( l 11)/2 dependence~Ze-
ner power law! of the l th-order CEF term~see Ref. 7 and
references therein!. Since the exchange energy due to t
RKKY interaction is proportional to the negative of the ge
eralized electronic susceptibilityx0(q),3,5,8 the stable mag-
netic structure at the onset of ordering corresponds to the
with a q that maximizesx0(q). If nesting between various
parts of the Fermi surface exists for a particular wave vec
qnest, the nature of the RKKY interaction is dramatical
influenced ~see Rothet al.!9 and x0(q) becomes sharply
peaked atqnest, which determines the magnetic wave vec
that characterizes the ordered state. In a recent study,10 x0(q)
calculations were carried out using the tight-binding line
0163-1829/2001/65~5!/054404~8!/$20.00 65 0544
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muffin-tin-orbital electronic bands within the atomic sphe
approximation, in order to correlate electronic structures
magnetic order in theRNi2Ge2 series.

According to that work, there exists pronounced nest
between two bands with strong 5d character at the Ferm
level in these materials that is responsible for the singlein-
commensurate, magnetic modulation vector of the formq
5(0,0,qz), with qz in the range 0.75–0.81 r.l.u., observed
the tripositiveR members of the series. Based upon the ne
ing picture and the observation of CEF anisotropy, the m
netic ground state of the samarium nickel german
(SmNi2Ge2) compound has been hypothesized to be a ba
plane helical structure just below the Ne´el transition.11 To
our knowledge, no definitive work on its magnetic structur
exists. However, bulk characterization via susceptibility a
magnetization measurements on single crystals~see below!
has been published earlier~see Ref. 12!. The primary objec-
tive of this work is to investigate the hypothesis about t
magnetic structures of the Sm member of the series using
x-ray resonant exchange scattering~XRES! technique.13,14

X-ray magnetic scattering is a powerful tool for the stu
of magnetism in condensed matter~see Refs. 15 and 16 an
references therein!. Intrinsic high-Q resolution, ability to
separate spin and orbital moments, resonant enhanceme
the cross section, elemental selectivity as well as orb
specificity, and indifference to neutron-opaque eleme
~such as Sm! make this technique indispensable and oft
superior to the conventional magnetic neutron-diffracti
methods. For this work we employed the XRES~Refs. 13
and 14! technique to take advantage of its resonant enhan
ment, particularly well suited for the study of high-qualit
small single crystals of materials containing small magne
moments.

Purely from the XRES point of view, Sm is particularl
interesting, since only a few materials containing Sm ha
been studied thus far. This is primarily due to the fact th
single crystals of Sm-containing compounds are harde
©2001 The American Physical Society04-1
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grow compared to those with some otherR elements. In a
previous study on SmNi2B2C compounds by Detlefs an
co-workers,17 both quadrupolar and dipolar resonances h
been observed at the SmL III edge. TheQ dependence o
the relative weight between these resonances found
in refining the direction of the ordered moments within t
fourfold-degenerate tetragonal basal plane. Furthermor
recent study18 on a 5000-Å epitaxial thin film of elementa
Sm grown on sapphire showed two strong resonance fea
above both theL II and L III edges, as well as a strong res
nance below theL III edge. Such observations of multip
resonances above an edge cannot be readily explained w
the framework of current theoretical models based on
atomic description of the resonance processes. Further in
tigations on Sm-containing materials with different ele
tronic structures can be useful in revealing systematics in
resonance phenomena.

High-quality single crystals of the entireRNi2Ge2 series
~except the Pm member! have been grown by a high
temperature solution-growth technique.19 Crystals of these
materials have metallic luster and platelike morphology, w
the larger flat facets perpendicular to the tetragonalĉ axis.
According to x-ray-diffraction characterization, these cry
tals are of high quality and free of any detectable level
impurity phases other than the surface flux. Transport, m
netization, and specific heat measurements performed
single crystals of these compounds were published in R
12. Here we summarize the results on the Sm member o
family pertinent to our current study. The temperature dep
dence of the low-field susceptibilitiesx i (Hi ĉ) and x'

(H' ĉ) were found to be anisotropic below 100 K, withx'

.x i . The transition from paramagnetic to an antiferroma
netic ~AF! phase occurs atTN of 17.9 K. As the temperature
is lowered throughTN , x i continues to increase, whilex'

decreases, suggesting an easy plane of magnetization in
compound. This behavior is in contrast to that in an uniax
system, such as TbNi2Ge2,

12 where the anisotropy is re
versed. Two additional transitions at lower temperatures
low TN are also observed, atTt511.8 K andTt855.5 K,
respectively. However, the latter one is only prominent in
x i(T) measurements. Due to the minimum obtainable te
perature of 8.0 K, in this work we are primarily concern
with the ordered phases aboveTt8 .

The outline of the paper is as follows. In Sec. II we su
marize the experimental setup. Next, we present XRES
sults in detail~Sec. III!, including the resonance propertie
and the polarization analysis~Sec. III A!, the temperature
evolution of the magnetic phases, and theQ dependence o
the integrated intensities~Secs. III B and III C, respectively!,
followed by concluding remarks~Sec. IV!.

II. EXPERIMENTAL DETAILS

The XRES studies were performed on the 1-BM bendi
magnet beamline at the Advanced Photon Source~APS! lo-
cated in Argonne National Laboratory.20 The primary optical
components of this beamline are two cylindrically bent m
rors and a double-crystal monochromator~DCM!. A
palladium-coated cylindrical mirror is located before t
05440
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DCM in order to vertically collimate the beam, thereby im
proving the energy resolution. In this work a Si~111! crystal
was used to monochromatize the beam providing an ene
resolution of;1.5 eV for incident energy around 7 keV.20

The second crystal in the DCM is sagittally bent, which f
cuses the beam horizontally into the experimental end
tion. Energy scans spanning;50 eV through the SmL II and
L III edges were carried out by rocking the crystals in unis
while keeping the translation of the second crystal fixed. A
other palladium-coated cylindrical mirror was located af
the DCM to allow for vertical focusing of the beam. For th
experiment, a third mirror was placed inside the experim
tal station prior to the Huber goniometer to provide ad
tional harmonic suppression, thereby ensuring a clean mo
chromatic beam incident on the sample. The incid
monochromatic beam was focused both vertically and h
zontally, delivering;1012photons/sec at 100 mA in a spo
size of 600mm3700mm, respectively, at the sample.

For this experiment a rectangular sample with dimensi
2.530.930.3 mm3 was aligned with the@H,0,L# zone in the
vertical scattering plane. The width of the sample was cho
to ensure that the beam completely bathes the crystal in
scattering plane at all angles of interest. The sample
oriented, cut, and polished perpendicular to@0,0,1#, to elimi-
nate residual flux on the as-grown surface and increase
flectivity. The mosaic at~0,0,4! was ;0.05°. Initially, the
incident photon energy was tuned to theL II edge~7.312 keV!
of Sm in order to use resonant enhancement.14,13The ~0,0,6!
reflection from a flat pyrolytic graphite crystal was used
the polarization analyzer. For measurements of the integr
intensity, the analyzer was removed and a Ge solid-state
tector~SSD! was used to collect both the diffracted beam a
the fluorescence from the sample. However, the energy r
lution ~; 150 eV! of the SSD was not sufficient to allow fo
a complete discrimination of theLb fluorescence from the
elastic channel. The sample was sealed in a Be can with
exchange gas and cooled in a closed-cycle He refriger
with a base temperature of 8.0 K. In this setup the raw
tensity for the (0,0,4)1 first-order magnetic satellite pea
was;2600 counts/sec above background at theL II edge for
the dipolar resonance at 8.0 K. All temperature-depend
measurements were carried out by warming the sample f
lower to higher temperature.

III. RESULTS

A. Resonance and polarization properties

From previous studies ofRNi2Ge2 compounds, the mag
netic modulation vector was expected to lie along theL line
@0,0,L# in the Brillouin zone~BZ!, with a qz value in the
range mentioned above. Figure 1 shows the reciprocal la
scan, at 8.0 K, along@0,0,L# as the incident photon energ
(Ei) was varied across the SmL II edge. AsEi was gradually
changed from 7.285 to 7.385 keV, a sharp peak emerge
the @0,0,L# scan nearq5(0,0,0.79), reaching a maximum
for Ei57.314 keV. Upon further increasing the energy, t
intensity of the peak decreased, eventually reducing to
background at 7.325 keV. The intensity of the peak redu
4-2
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RESONANT X-RAY SCATTERING STUDY OF MAGNETIC . . . PHYSICAL REVIEW B65 054404
by some 50% asEi was only 2–3 eV away from 7.314 keV
indicating sharpness of the resonance in energy.

With Ei fixed at 7.314 keV, we performed a careful sc
across the BZ along theL line, as shown in Fig. 2. Two
fundamental superlattice peaks associated with the~0,0,4!
and ~0,0,6! charge peaks, marked (0,0,4)1 and (0,0,6)2,
respectively, appeared symmetrically on either side of the
boundary. In addition, two peaks, weak and resolution li
ited, corresponding to the second harmonic 2q, were ob-
served. Although these harmonics are expected to occu
rectly from the XRES cross section,13,21 we cannot
completely rule out the contribution at 2q arising from weak
lattice modulations.22 Using this set of four superlattice re
flections, the position of the fundamental peak is refined
be q5(0,0,0.7960.002) at this temperature. No other sat

FIG. 1. @0,0,L# scans showing the emergence and diminishm
of the superlattice reflection as the incident photon energy is va
through the resonance.

FIG. 2. Reciprocal lattice scan along@0,0,L# at T58.0 K taken
without the analyzer. Notice that the intensity is shown on a lo
rithmic scale.
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lites, such as those due to the third harmonic 3q, indicative
of squaring of a sinusoidal modulation, were observed in t
phase.

Figure 3 shows an energy scan through the satellite p
at (0,0,4)1. There is a strong resonance that occurs a few
above the absorption edge, defined to be the inflection p
of the fluorescence spectrum, which is consistent with
dipolar (E1) nature (2p1/2→5d) and magnetic origin of the
reflection. No splittings such as those measured above thL II
edge in the elemental Sm~Ref. 18! and Tb ~Ref. 23! were
observed. The bottom panel shows the behavior of the~0,0,4!
charge peak as a function ofEi , for comparison. Although it
is difficult to ascertain the true resonant enhancement r
tive to the nonresonant scattering, a lower limit can be e
mated by simply taking the ratio of the peak to the bac
ground ;25 eV below the edge. In the present case t
enhancement factor is;35. From the fit to a Lorentzian
squared line profile, the resonant energy and width w
found to be 7.314 keV and 5.4 eV~corrected for energy
resolution!. The width of the resonance is larger than;4.15
eV expected from theL II core-hole lifetime,24 indicating that
the resonance process is not dominated by the latter. A s
lar resonant behavior was also observed for one of theq
satellites~see inset of Fig. 3!.

t
d

-

FIG. 3. Energy dependence of the superlattice peak (0,0,1

~solid circles! through the SmL II edge. The data have been co
rected for absorption. Open squares representm obtained from the
fluorescence yield~see text, scale on the right!. The solid line is a
Lorentzian-squared fit to the elastic peak. The inset shows the
ergy dependence of the second harmonic~not corrected for absorp
tion!. Note the higher background~inset! above the resonance du
to Lb-fluorescence contamination of the elastic channel. The das
line locates the resonant energy, whereas the dot-dashed line
cates the absorption edge. The bottom panel shows the energy
of the ~0, 0, 4! charge Bragg peak for comparison.
4-3
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ISLAM, LANG, VASILIU-DOLOC, SRAJER, AND CANFIELD PHYSICAL REVIEW B65 054404
At 12.0 K, just aboveTt but belowTN , a similar@0,0,L#
scan across the zone showed the same pair of magnetic
ellites around the BZ boundary with a small change in th
positions and diminished intensities. As in the lowe
temperature phase, no third harmonics were observed
nally, well aboveTN , only charge peaks consistent with th
body-centered lattice were observed, and all the magn
peaks were absent.

Although the observation of the resonant behavior a f
eV above the absorption edge, the appearance of the se
harmonic, and the disappearance of the superlattice re
tions aboveTN are all in agreement with the magnetic natu
of the superlattice peak and dipolar resonance, a critical
of the magnetic nature of the resonance is its dependenc
photon polarization. In all previous XRES measurements
rare-earth nickel germanides, no polarization analyses of
resonances were performed.25,10,11 In Fig. 4 a longitudinal
scan through the superlattice peak, (0,0,4)2, is displayed for
s→p ands→s geometries, respectively, with theEi fixed
at the resonant energy. In the case of polarization rotat
the superlattice reflection is observed, whereas in the u
tated channel the peak is barely discernible above the b
ground. If the resonance is of magnetic character, the
complete polarization rotation should take place~see the
cross section in Ref. 21!, as is clearly the case.

Finally, we report the observation of a strong resona
below the SmL III edge ~6.716 keV!, as shown in Fig. 5,
whereas no such features, except for the slight asymm
were detected below theL II edge. The feature below theL II
edge is in accordance with quadrupolar (E2) resonance in-
volving 2p3/2→4 f transition, observed in previous XRE
studies on elemental Sm,26,27 an epitaxial thin film of Sm,18

and a SmNi2B2C compound,17 as well as with the resonan
inelastic x-ray scattering~RIXS! on Sm.28 Since the Cou-
lomb interaction of the 2p core hole and the 4f electrons is

FIG. 4. Polarization analysis of the superlattice reflectio
(0,0,4)2. Both sets were collected on resonance using a grap
analyzer~d rotated channel,s unrotated channel!.
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stronger due to larger overlap between the two, theE2 reso-
nance generally appears several eV below theE1 resonance.
In the raw data, theE1 resonance was found to be signi
cantly weaker relative to theE2 resonance. In order to obtai
a better estimate of their relative weight, an energy s
through the edge carried out away from the magnetic p
was subtracted from the raw data, eliminating any ene
dependence of the background. The data were then corre
for absorption~m!, obtained from the measured fluorescen
The edge step was normalized to the calculatedm away from
the edge using tabulated values. Although this proced
does not account for the self-absorption and can introd
some systematic errors, it provides a betterE1/E2 ratio. As
the figure shows, theE2 resonance is significantly stronge
than theE1 resonance and appears at 6.712 keV,;6 eV
below the latter. Similar energy scans performed at
(0,0,4)2 and (0,0,6)6 satellites also found theE1 resonance
to be significantly weaker. The relative strengthI (L II)/I (L III )
of the resonant enhancements~or the ‘‘branching ratio’’! is of
interest since it relates to the underlying electronic and m
netic structures~see Refs. 15 and 29 and references ther
for more details!. In the present case the strength of theE1
resonance atL III is significantly weaker than that at theL II
edge, with a branching ratio of;15.

These observations can be compared to the theore
expectations of van Veenandaal and co-workers.29 By explic-
itly incorporating the expansion and contraction of thed

,
te

FIG. 5. Top panel: energy dependence of the magnetic p
~solid circles! through the SmL III edge, corrected for absorption
The intensities can be compared to that in Fig. 3. Open squ
represent the absorption calculated using measured fluoresc
spectrum~scale on the right!. The solid lines are guides to the ey
The absorption edge is indicated by the vertical dot-dashed l
Bottom panel: energy scan of the~0, 0, 4! charge Bragg peak for
comparison.
4-4
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RESONANT X-RAY SCATTERING STUDY OF MAGNETIC . . . PHYSICAL REVIEW B65 054404
orbitals as was introduced by Harmon and Freeman,30 and
both spin and orbital parts of the Coulomb interaction b
tween the localized 4f and the itinerant 5d electrons, they
derived the branching ratios at the rare-earthL edges. Ac-
cording to their work, in light rare earths such as Sm, theE1
resonance at theL III edge is significantly smaller than that
the L II edge. Also, they showed that the quadrupolar con
bution, being always relatively smaller inL II , can not readily
be detected due to larger lifetime broadening at this ed
Both of the above expectations are in agreement with
observations.

B. Temperature dependence

The properties of the ordered phases were measure
the temperature was raised. The measurements of the
grated intensity and the modulation vector were perform
on the (0,0,4)1 satellite. In Fig. 6 the data for the longitud
nal scans through this peak are displayed. As the tempera
increases, the peak intensity gradually decreases and ev
ally disappears above 17.8 K, consistent with theTN ob-
tained fromx(T). Interestingly, the position of the peak als
shifts toward lowerQ values as the transition is approache
Since the measurements of the~0,0,4! charge Bragg peak, a
a function of temperature, found no observable expansio
the lattice, this shift in position corresponds to true chan
in the magnetic modulation.

FIG. 6. Temperature dependence of the longitudinal s
through a magnetic peak. Solid lines are Lorentzian-squared
used to extract peak positions and widths.
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Figure 7 summarizes the temperature dependence o
ordered phases. The integrated intensity of the magnetic p
~shown in the top panel! remains nearly temperature inde
pendent belowTt , suggesting saturation of the ordered S
moments. AboveTt , the intensity decreases monotonica
and disappears aboveTN . No drastic changes in the intensit
are observed as the sample passes through the transiti
Tt . In comparison, the isostructural Tb~Ref. 25! and Dy
~Ref. 31! nickel germanides with strong and modera
uniaxial anisotropies, respectively, the intensity displays
break at their respectiveTt . In both cases, the break is ass
ciated with a transition from a amplitude-modulated~AM !
phase to an equal-moment structure with maximum free-
moment per site belowTt .

The middle panel shows the variation of the magne
modulation withT. In the phase belowTN but aboveTt , the
modulation vector changes continuously withT approaching
;0.775 r.l.u., indicating the incommensurate nature of
ordering, consistent with the Fermi-surface nesting pictu
Below Tt , however, the structure is characterized by

n
ts

FIG. 7. Temperature dependence of the integrated inten
~top!, modulation vectorqz ~middle!, and the longitudinal peak
width ~bottom!.
4-5
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temperature-independentq5(0,0,0.7960.002). This sug-
gests a long-period ordered phase, in contrast to sim
commensurate AF structures found in the isostructural
and Dy compounds.25,31Tt is identified as the temperature
which q reaches this value with a concomitant near satu
tion of the intensity, which is 11.860.2 K.

The half width at half maximum~HWHM! of the longi-
tudinal scans is displayed in the bottom panel. The HWH
is found to be resolution limited in the entire temperatu
range and remains fairly constant with temperature wit
the experimental uncertainties. AsTN is approached from
below, the HWHM sharply increases indicating a loss
magnetic correlations, consistent with a second-order-t
phase transition. From the onset of broadening of the m
netic satelliteTN is inferred to be 17.760.2 K as indicated by
a vertical dashed line. We note that the reason for the sm
deviations of the data points near 15 K relative to the res
the data is not clear.

C. Anisotropy of the ordered moments

The technique of using theQ dependence of integrate
intensities of magnetic peaks in order to determine the di
tion of the ordered moments is rather well established.
recent years, this technique has been successfully empl
in XRES studies of Gd, Nd, and Sm members of the nic
borocarbides,32,17and Eu, Gd, and Tb nickel germanides.10,25

The details of the measurement technique and modeling
be found in Refs. 33, 21, and 11. Figure 8 shows theQ
dependence of the integrated intensities of the magn
peaks measured on resonance atEi57.314 keV. At 8.0 K,
the measurements were repeated 3 times, in symmetric
flection geometry, in order to assess the errors and repro
ibility of the data. The measured intensities were found to
within the error bars displayed in the figure. A geomet
correction to the two low-Q data points has been applied
reduce systematic errors, which are severe at small an
due to surface miscut.34

In order to explain the behavior of theQ dependence we
carried out model calculations based upon the resonant c
section. In the case of dipolar resonance the intensity of
first-order magnetic satellite for linearly polarized inciden
rays is given by21

I ~Q!5C (
domain

US (
n

k̂8• ẑnDU2

,

whereC includes aQ-independent resonant amplitude a
geometric and arbitrary scale factors,k̂8 is the direction of
the scattered beam,ẑn is the moment direction at siten, and
a summation over the symmetry-equivalent domains is a
carried out. At resonance, nonresonant contributions
small and can be neglected. Note that only the compon
of the moments in the scattering plane contribute to the c
section. So the case of a basal-plane helical structure is
distinguishable from a plane wave with the moments pinn
along some crystallographic axis within the basal plane
addition, the absolute magnitude of the moments canno
determined using this technique.
05440
er
b

-

n

f
e

g-

all
f

c-
n
ed
l

an

tic

re-
c-
e

es,

ss
e

o
re
ts

ss
in-
d
n
be

Two models, a basal-plane helix (ẑn' ĉ) and a longitudi-
nal spin wave (ẑni ĉ), respectively, were considered. As ca
be seen in Fig. 8, in both phases the data~solid circles! can
be modeled well with the ordered moments in the basal pl
~solid line!. Similar trends in theQ dependence were ob
served for Eu and Gd nickel germanides10 in their low-
temperature phases with the moments locked in the b
plane. On the other hand, the model with the moments al
the ĉ axis is manifestly in disagreement with the data. Th
behavior is consistent with the anisotropy observed in
susceptibility measurements12 summarized above. Given th
experimental errors, the direction of the ordered moment
determined within;10° of the basal plane.

IV. CONCLUSIONS

In summary, using the XRES technique, we have sho
that the magnetic structures of the neutron-opaque Sm m
ber of theRNi2Ge2 series conform to the topological nestin
of the Fermi surface. SmNi2Ge2 orders in anincommensu-
rate AF structure characterized by a single propagation v
tor q5(0,0,qz). The value ofqz is T dependent and ap
proaches;0.775 r.l.u. nearTN517.760.2 K. BelowTt , the
ordered moments saturate and the modulation vector att
a T-independent value of (0,0,0.7960.002). No evidence of
a squaring-up of this structure was observed. In both

FIG. 8. TheQ dependence of integrated intensities of magne
peaks. The solid line is for a model with the ordered moments' ĉ
and the dashed line is for that with momentsi ĉ.
4-6
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ordered phases the ordered moments are confined to
basal plane.

As mentioned above, due to the fourfold symmetry of t
basal plane it is not possible to distinguish a plane wave w
moments locked in along, for example,â ~or b̂!, from a
basal-plane helix. A preferred direction within the plane n
TN is unlikely, however, since the higher-order CEF term
are relatively weak according to the Zener power law. So
can state that the phase aboveTt is most likely a basal-plane
helix. At lower T, as the system becomes more order
higher-order CEF terms become significantly importa
which can lead to a directional lock-in transition.

The behavior ofq as a function of temperature may b
explained, qualitatively, according to the theoretical work
Elliot and Wedgewood.35,36 In this theory, as the magneti
order develops, the conduction electrons experience a
translational symmetry associated with the periodic
change field, which introduces new superzone bounda
As a result, new gaps appear in the energy bands at t
boundaries, and the Fermi level shifts with the growth of t
ordered moments. This dependence of the gap and the
of the Fermi level on the ordered moment leads to a varia
of q with T. As the moments saturate,q becomesT indepen-
dent as well. This situation prevails as long as the relat
stability of a magnetic structure with a givenq at a particular
temperature is determined by internal energy~U! alone. As
pointed out by Cooper,4 for a magnetic spiral with the sam
ordered moment perR ion, the entropy~S! considerations
can be neglected andq attains the value that minimizes th
exchange energy at a givenT. This behavior is in stark con
trast to thec-axis modulated~CAM! phase, such as tha
found in TbNi2Ge2 compound, where entropy plays a critic
role in stabilizing the amplitude-modulated structure ne
TN .37,3 Below Tt;

1
2 TN , the CAM phase lowers the fre

energy (F5U2TS) by developing higher harmonics, whic
leads to squaring up of the structure with the free-ion va
for the moment per site.

The behavior of the HWHM throughTt also contrasts
l

re

. B

05440
the

e
th

r
s
e

,
t,

f

w
-
s.
se

e
ift
n

e

r

e

with that observed in the isostructural Tb compound.25 In
TbNi2Ge2, the HWHM broadens beyond instrumental res
lution belowTt , indicating a reduction of the magnetic co
relation length (jm) in the phase below this transition. Th
reduction ofjm was ascribed to the formation of small a
tiphase domains separated by AF planes, as the incomm
surate CAM phase squares up into a commensurate stru
characterized by~3

4,0,0! below Tt . In the case of the
SmNi2Ge2, no such broadening belowTt of the HWHM be-
yond the resolution was observed suggesting the absen
such antiphase-domain formation.

It is interesting to note that the modulation vectorq
5(0,0,0.79) characterizing the ground state is not unique
the Sm member of the series. GdNi2Ge2, for instance, also
orders at this sameq value nearTN , as well as one of the
more stable low-T metamagnetic phases of TbNi2Ge2.

11 This
tendency ties in well with the calculations ofx0(q), which
exhibits a pronounced maximum at this wave vector co
sponding to a strong nesting of the Fermi surface.10,11

Finally, in addition to studying the magnetic structure
we observed a clear quadrupolar resonance below the SmL III
edge, significantly stronger than the dipolar resonance ab
this edge. Also, the branching ratio for the dipolar resonan
was found to be;15, the resonance at theL II being higher.
These results are consistent with the theoretical framew
proposed by van Veenendaal and co-workers,29 as discussed
above.
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