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We establish that strong Fermi surface nesting drives the Néel transition RNh&e, compounds.
Generalized susceptibilityyo(q), calculations found nesting to be responsible for hattommensurate
wave vector,(0 0 0.793), in GdNiLGe,, and thecommensurate structure,(0 0 1), in EuNLGe, as
revealed by x-ray resonant exchange scattering. A continuous transition from incommensurate to
commensurate magnetic structures via band filling is predicted. The surprisingly figheEuNi,Ge,
than that in GdNiGe, is also explained.

PACS numbers: 75.10.-b, 75.25.+z, 75.30.—m, 78.70.Ck

Rare-earth intermetallics with the tetragonal Tif&is rect contrast to the expectation of a lowgr in EuNiLGe
structure have been the subject of intensive study for sevdue to weakerlf-5d exchange interaction in atomic Eu
eral decades because of their intricate magnetic structuresmpared to that in Gd [4].
and various correlated electron phenomena [1]. The com- The isostructural GANGe, and EuN}Ge, compounds
plex crystal structure and multiatom composition of theseare ideal systems for the study of effects of band filling on
materials, relative to the elemental rare-earth metals, renagnetic structures since, in these compounds at ambient
sultin more involved band structures and magnetic interacgpressure, Gd and Eu arévalent anddivalent, respectively
tions. While experimental studies of their magnetism havg5,6]. Therefore, due to their half-filledf shells, the
focused on the determination of ordered states, a quantHdund’s rule ground state fS;,, which gives an isotropic
tative theoretical understanding of their magnetic phasenagnetic moment unaffected by the crystal fields. The
transition is lacking. In earlier work [2] oRNi,Ge, com-  RKKY exchange is the only relevant interaction determin-
pounds it was noted that, at the onset of antiferromaging magnetic order for these compounds. Anincommensu-
netic (AF) ordering in the Pr, Nd, Sm, and Tb through Tmrate ordering vector, as observed for the trivalent members
members of the series, there is immommensurate mag-  of the series, is expected for the Gd compound. However,
netic modulation of the fornq = (0 0 ¢.) with g, in the  due to the divalency of Eu in EuNB&, its magnetic struc-
range of(0.75-0.81) (27”), wherec is the axial lattice pa- ture, in particular the modulation vector, is expected to be
rameter. The persistence of a single incommensuate significantly different since the RKKY interactions should
along the high-symmetm\ line across the series is simi- be dramatically influenced by lower band filling. Theo-
lar to the case of the elemental rare earths (Tb-Tm) [3]. Imetically, it is possible to correlate these differences to the
these intermetallic systems with low ordering temperaturesinderlying electronic structures using band structure and
(=30 K), theR atoms are well separatégt4 A) fromeach  yo(q) calculations.
other. Thus, the indirect Ruderman-Kittel-Kasuya-Yosida High-quality single crystals [7] were characterized by
(RKKY) exchange interaction, via the conduction electronx-ray diffraction and magnetization measurements [6].
polarization, is believed to be responsible for their mag-The temperature dependence of the low field susceptibili-
netic ordering. ties, y; (H || €) and y, (H L ¢&), in both materials was

In this Letter we establish, both experimentally andfound to be nearly isotropic in the paramagnetic phase [see
computationally, a direct correlation between the magneti€igs. 1(a) and 1(b)]. The effective paramagnetic moments
order found in theRNi,Ge, compounds and their underly- of Gd and Eu, extracted from high-temperature Curie-
ing electronic structure by studying two particularly inter- Weiss fits, are8.0up and7.7 u g, respectively, close to the
esting members of this family, GdNée, and EuN;Ge,, theoretical value 07.94u g, indicating that Gd is trivalent
respectively. We show that there exists strong Fermi surwhile Eu is divalent. The transition to an AF phase occurs
face nesting withy,.s = (0 0 ¢,) and that it is possible to atTy of 27.1 and 30.8 K in GdNiGe, and EuN}Gey, re-
transformthe ordered state via band filling impeedictable  spectively. Note thaty for the Gd compound is lower
way. In addition, both the larger generalized electronichan that of its Eu neighbor. For the Gd compoupd,
susceptibility,yo(q), and an increase®l! character of the andy, remain at a similar magnitude unjil, drops dras-
electronic wave functions that nest were found to be retically below7, = 16.8 K. The additional transition ity
sponsible for the higher Néel temperatii#g,) observed at7; = 18.5 Kis not observed iry, [6]. As the tempera-
in EuNi,Ge, compared to that of Gdhlise,. Thisisindi-  ture of EUNbGe is lowered througiy, x| continues to
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(a) GdNi,Ge, : Susceptibility (H=1 kG) (b) EuNijGe, : Susceptibility (H=1 kG)
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FIG. 1. Temperature dependent magnetic susceptibility of
(a) GdNi,Ge, and (b) EuNi,Ge, compounds.

increase, while y, decreases, suggesting an easy plane of
magnetization in this compound. A comparison of this be-
havior to that of y; and y, for GdNi,Ge, between T, and
Ty suggests an ordered component along the ¢ axisin the
latter.

To determine their microscopic magnetic structures, we
studied both compounds using the x-ray resonant exchange
scattering (XRES) technique, since the neutron opacity
of Gd and Eu makes the conventional neutron diffraction
methods difficult. GdNi,Ge, was studied on the C1 beam
line at Cornell High Energy Synchrotron Source (CHESS)
with aSi(111) monochromator. No mirror wasutilized. A
polished rectangular sample was aligned with the [z & []
zonein the vertical scattering plane. Themosaicat (0 0 6)
was ~0.05°. Theincident photon energy was tuned to the
Ly edge (7.93 keV) of Gd in order to use resonant en-
hancement [8]. Well above Ty, only charge peaks consis-
tent with the body-centered lattice were observed. At
13 K, careful scansalong ¢* reveaed satellite peaks corre-
sponding to qgq = (0 0 0.805). The qgq satellites exhib-
ited a dipole (E1) resonant behavior a few eV above the
L1 edge, consistent with their magnetic origin [8]. The
ordering wave vector, qgq, Was found to decrease with in-
creasing temperature continuously to (0 0 ~0.793) as Ty
was approached, indicating the incommensurate nature of
the ordering.

The XRES studies of EuNi,Ge, were performed on the
X22C beam line at the National Synchrotron Light Source
(NSLS) described elsewhere [2]. The sample mosaic was
similar to that above. At 4.3 K, scans along the ¢* axis
found superlattice peaks a qg, = (0 0 1) which showed
E1 resonant behavior at the Eu L;; edge (7.617 keV),
remained locked in position up to Ty, and disappeared
above Ty. In contrast to the isostructural Th and Dy
compounds [2], we did not observe any other modulations
in either Gd or Eu compound.

The Q dependence [9] of the integrated intensities of
magnetic peaks showed [see Figs. 2(a) and 2(b)] the or-
dered moments to be in the basal plane (solid line) below
T;. However, for GdNi,Ge, above T; but below Ty, there
is an ordered component along the ¢ axis which gives ad-
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FIG. 2. The Q dependence of integrated intensities of mag-
netic peaks (T < T;) for (d) EuNi,Ge, and (b) GdNi,Ge;.
Solid line is for a model with the ordered moments 1.¢ and
dashed line is for that with moments || ¢. Datain (a) was nor-
malized by the monitor and that in (b) was normalized by the
fluorescence yields. The temperature dependence of a magnetic
Bragg peak (as indicated) in (c) EuNi,Ge, and (d) GdNi,Ge,
measured while increasing the temperature.

ditional scattering contribution with a pronounced break at
T/ [Fig. 2(d)]. For asimple spin reorientation in the basal
plane, no such break in the intensity above T, is expected
[10]. Rather, the integrated intensity monotonicaly de-
creases as in EUNi»Ge; [Fig. 2(c)].

In order to explain the differences in the ordering
wave vector between the Eu and Gd compounds, we now
turn to investigations of their electronic structure. In
the RKKY theory the exchange energy is proportional to
—1(q)|> xo(q) [11], where I(q) isthe exchange matrix ele-
ment, neglecting the dependence on the band indices and
assuming only q dependence [12]. Thus, when exchange
is the dominant factor in the free energy near the ordering
temperature, the wave vector at the onset of ordering is
determined by the q that maximizes y,(q) [assuming small
variationsin I(q)] which is given by [11]

l Z f(en,k) [1 - f(en’,kJqurG)] ’

Xo(q) = N L

€, k +q+G €k

where f(e) is the Fermi-Dirac occupation factor, €’'s are
the electronic energies, n and n’ are the band indices, and
G isareciprocal lattice vector needed to reducek + q to
the first Brillouin zone (BZ).

Ab initio local-density-approximation paramagnetic
electronic bands were calculated using the tight-binding
linear-muffin-tin-orbital method within the atomic sphere
approximation (ASA) including combined corrections
[13]. Thescaar relativistic Schrodinger equation, with the
von Barth—Hedin local potential to include the exchange
and correlation effects, was solved. The4f electronswere
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treated as part of the core. Thisis consistent with the ob-
served effective moments as well as x-ray photoemission
measurements which found the 4 f level to be ~600 mRyd
below the Fermi level (E;) in GdNi,Ge, [14]. The room
temperature lattice constants [15] were used in these cal-
culations. xo(q) for ¢ = (0 0 ¢,) was calculated at 0 K
using the analytical linear tetrahedron method [16].
Figure 3(a) shows the calculated interband (A < B)
susceptibility, xi%(q) (filled circles), for GdNi,Ge, using
two bands referred to as A and B which cross E;. There
is a sharp peak at 0.79, very close to the ordering vector
with an enhancement of 53% relativeto y{*(q — 0). This
enhancement is a measure of strength of the peak. The
maximum is determined by the dominant interband (A <
B) nesting [10]. The nesting vector, quest = (0 0 0.79),
is indicated in Fig. 4 by the vertical arrows. The yo(q)
calculations shown here were performed with the Fermi
energy shifted upward by 7 mRyd (to E}). This changed
the peak positionin y{#(q) from 0.86t0 0.79. Such ashift
is not unreasonable for band calculations using the ASA,
when multiple bands with different orbital character cross
E [10]. By repesting the calculations, including two more
bands near the Fermi level, we found the peak at 0.79 to be
the global maximum of thetotal x(q). Thetotal intraband
susceptibility ;"™ (q — 0) reached 99.8% of IN(E}),
where N(E}) is the density of states (DOS) at E} [10].
Because of the sensitivity of the nesting features to
Fermi surface topology, a small shift of the calculated
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FIG. 3. Interband generalized electronic
xoB(q). Seetext for details.

susceptibility,

E; directly affects qqes. In the elemental rare earths, E,
depends on the 54 occupancy which changeswith theionic
core volume across the series. This d-band occupancy is
responsible for the sequence of crystal structures observed
across the rare-earth series [17]. This suggests that small
variations of E; across the RNi,Ge, series may also be
responsible for the range of ¢, observed (0.75-0.81).
Indeed, essentially the entire range of observed ¢, exists
within £2.5 mRyd of E} and it may be concluded that
magnetic ordering in RNi,Ge, with trivalent R elements
isalso driven by Fermi surface nesting. We note, however,
that exchange matrix elements and finite temperature can
also affect both position and magnitude of the peak of
Xo(q) [3,18].

Our calculations, so far, are consistent with the ex-
perimental findings. To directly observe a correlation be-
tween nesting and magnetic ordering, however, we must
change the band filling simulating the substitution of Eu>*
for Gd®*. Computationally this can be accomplished sim-
ply by lowering E} by 22 mRyd, corresponding to the re-
moval of exactly “one”’ electron from GdNi,Ge, according
to its DOS [10], and calculating yo(q). Figure 3(a) (open
squares) presents {2 (q) calculations with the lower band
filling which show a strong sharp peak at the zone bound-
ary, (0 0 1), predicting a commensurate simple AF struc-
ture in EuNi,Ge,, as was observed.

Encouraged by this result we have performed xo(q)
calculations for EuNi,Ge, to confirm the origin of this
modulation to be nesting. The results are shown in
Fig. 3(b). Thereisindeed a sharp peak at ¢, = 1 which
is aso the global maximum [10]. As in the Gd case,
the x”(q) shown is obtained with E shifted upward (to
Ef = E; + 10 mRyd). Thepesk in x4"(q) dueto inter-
band (A < B) nesting occurs at the zone boundary (see
Fig. 4) for E{ = 2 mRyd. Furthermore, this peak shifts
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FIG. 4. Interband (A < B) nesting in GdNi,Ge, and
EuNi,Ge,. A and B form a nested pair of “saddles’ over a
considerable region. Contour plots on three paralel planes
[L[1 1 0], with the origins near (0.15 0.15 0)] of a portion of
such regions with q,.; indicated by the arrows. Because of
fourfold symmetry, there are four such nested regions. ques
for GdNi,Ge, needs to be reduced to the first BZ. Note that
the unit used for g is 7.
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FIG. 5. Predicted modulation vectors obtained from the peak
position of xy(q) as a function of band filling.

to 0.78 with the addition of one electron (corresponding to
E{ + 23 mRyd obtained from DOS of EuNi,Ge, [10]),
in excellent agreement with that for GdNi,Ge;.

We note that up to this point we have ignored the fact
that the lattice constants of EuNi,Ge, are ~3% larger than
those of GdNi,Ge, [15]. In order to assess the influence
of this difference upon the nesting we repeated all the
band and y((q) calculations by swapping the lattice pa
rameters between the two compounds. These calculations
found no significant changes in the conclusions reached
above [10].

Based on the above analysis we note that it may be pos-
sible to transform the incommensurate structure observed
in GdNi,Ge, into the commensurate AF phase found in
EuNi,Ge, by lowering the band filling. Figure 5 shows
the ordering vector obtained from the peak in yo(q) cal-
culated by removing electrons from GdNi,Ge, as well as
by adding electronsto EuNi,Ge,. Interestingly, calculated
q. values lie close to the linear interpolation between the
experimentally observed modulations of the end members.
Future experiments with XRES on Gd, -, Eu, Ni, Ge, pseu-
doternary aloys are suggested to explore these predictions
and to determine at which finite Gd content a locking to
(0 0 1) will occur.

Finally, we turn to the issue of the higher Ty found for
EuNi,Ge, relative to GdNi,Ge,. In general, Ty scaes
with the product {/)*xo(q). Since the Néel transition is
driven by interband (A < B) nesting, we have estimated
the interband exchange matrix element, (I43), by consid-
ering the product |C5,(K)| - [C5;(k + qnest)l Where Csy
is the amount of 5d character of aband electron. We find

I45(EuNi,Ge,))?
that, on average, (22CEGell 13, Also, x¢%(qru)

and x{®(qgq) are 29.35 and 23.69 [states/(Ryd cell)], re-
spectively. Therefore, we argue that Ty in EuNi,Ge, is
higher due to larger values of these two quantities.
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