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Inelastic neutron-scattering experiments have been performed on a single crystal ofsY0.97Sc0.03dMn2.
The spin fluctuation spectrum is broad in energy and strongly correlated in wave vector, with maximum
intensity at the Brillouin zone boundary. There is no magnetic scattering for Brillouin zones centered at
the origin and at certain reciprocal lattice points, suggesting the existence of short-lived 4-site collective
spin singlets. The unusual features of the dynamical susceptibility discovered in this experiment
result from geometrical frustration and give new insight into the heavy-fermion-like behavior of the
compound.

PACS numbers: 71.27.+a, 75.40.Gb, 75.50.Ee
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Geometrical frustration of antiferromagnetic intera
tions in a crystal is inherent to exchange loops involvi
odd numbers of spins, and leads to degenerate manif
of spin configurations differing from each other by loc
spin transformations. A basic outcome is that sho
wavelength spin fluctuations are enhanced and the for
tion of local spin singlets is favored, which may induc
novel magnetic phases. Quantum spin liquid states
are thus expected in localized spin systems, and it
been suggested that non-Néel magnetic order may exi
itinerant electron systems [2]. So far, however, the effe
of geometrical frustration have not been considered ext
sively in itinerant magnets, and in particular not close
a magnetic-nonmagnetic instability. Experimentally, th
has become possible since the discovery of Mn itiner
magnetism in theRMn2 intermetallic compounds, wher
R stands for Y, Sc, Th, or a lanthanide element [3].
mixed phase, where magnetic and nonmagnetic Mn ato
coexist, was discovered in some compounds of the se
[4] and interpreted in terms of a frustration-induced va
ishing of moments [5]. Unusual behaviors are also o
served in the paramagnetic phase, in particular, in YM2
[3]. In this Letter, we report on new experimental find
ings about the Mn spin fluctuation spectrum in this pha

YMn2 crystallizes in the cubic C15 Laves phase stru
ture (space groupFd3̄m), where the Mn atoms form a
lattice of corner sharing tetrahedra: a three-dimensio
analog of the kagomé net, which is at the origin of t
geometrical frustration of the antiferromagnetically co
pled nearest-neighbor Mn spins. Complex magnetic or
sets in through a first-order transition at a Néel tempe
tureTN of about 100 K. It may be described as a doubleQ
structure, with propagation vectorss1 0 0d ands0 1 0d, in
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which the sum of the spins on each Mn tetrahedron can
[6]. Additional long-wavelength distorted helical compo
nents were revealed by high resolution neutron diffracti
measurements [7]. The magnetic order is suppressed
applying a rather weak hydrostatic pressure (of the ord
of 0.1 GPa), or by substituting a small amount of Sc for
that creates a chemical pressure. At low temperature,
compound then shows a behavior typical of heavy-fermi
systems with a linear contributiongT to the specific heat
and a quadratic contributionAT2 to the electric resis-
tivity, both strongly enhanced (g ø 160 mJ K22 mol21

[8,9] andAyg2 ø 1025 mV cmsK molymJd2 [10]) to val-
ues quite unexpected for nearly antiferromagnetic met
[11]. A large magnetic contribution to the thermal expa
sion was reported and attributed to thermally excited sp
fluctuations [12]. The latter have been directly observed
neutron-scattering experiments on powder samples, us
polarized neutrons to separate the magnetic scattering f
the scattering of nuclear origin (phonons) [13–15] or b
time-of-flight technique for unpolarized neutrons, whe
the Q dependence of the scattering was used to sepa
magnetic from nuclear contributions [16,17]. In all thes
measurements a thermal increase of the mean square
amplitude of the spin fluctuations has been reported.

When no magnetic order sets in, the spin fluctuatio
are observed down to the lowest temperature, which h
led to the speculation that the ground state could be
quantum spin liquid stabilized through the geometric
frustration [18]. According to this interpretation, the the
mal excitation of low energy spin fluctuations from thi
singlet ground state should lead to a fast increase of
magnetic entropy and of the electron collision rates,
agreement with the heavy-fermion-like behavior observ
© 1996 The American Physical Society 2125
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in the specific-heat and resistivity measurements. In or
to further the understanding of the role of the spin fluctu
tions, we have performed neutron-scattering measureme
on single crystals starting withsY0.97Sc0.03dMn2, which re-
mains paramagnetic down to the lowest temperatures.

The single crystals were grown under argon atmosph
by the Czochralski method, using a high-frequency i
duction technique with a water-cooled copper crucib
The obtained ingots were analyzed by x rays and sc
ning electron microscopy to check for phase purity a
homogeneity, and to isolate single grains. A single cry
tal of sY0.97Sc0.03dMn2 about 0.6 g was selected. A sma
sample was extracted for low-temperature specific h
measurements. We found for the coefficientg of the
linear contribution a value of about200 mJ K22 mol21

[19], which is considerably higher than reported prev
ously [8,9].

Neutron inelastic scattering measurements we
performed on the 1 T thermal-beam triple-axis spe
trometer at the Orphée reactor of the Laboratoire Lé
Brillouin. Most measurements were performed wit
a vertically focusing PG(002) monochromator and
horizontally focusing PG(002) analyzer with a fixed fina
energy Ef of 34.8 meV, giving an energy resolution
of DE ­ 3.5 meV. A PG filter in the scattered beam
was used to suppress higher-order contamination. Ot
configurations were also used for complementary me
surements, e.g.,Ef ­ 14.7 meV with DE ­ 0.9 meV, as
well as measurements using full polarization analysis [2
The sample was mounted in a closed-loop helium refr
erator, with either the [110] and [001] or the [100] an
[010] axes in the horizontal scattering plane. The me
surements presented here were performed at a temp
ture of 10 K, but measurements at higher temperatu
have also been done [20].

In order to locate the magnetic signal in recipro
cal space, we performed a wide rocking scan of t
sY0.97Sc0.03dMn2 single crystal, mounted with the [110
and [001] axes in the horizontal scattering plane, for
spectrometer setting ofQ ­ 1.5 Å21 andh̄v ­ 10 meV,
where a maximum in the magnetic scattering has be
found in powder samples [13–17]. A broad maximu
was observed at a wave vectorQ0 ø s1.25 1.25 0d (in re-
ciprocal lattice units). The energy response of the ma
netic scattering atQ0 is shown in Fig. 1, where the
data have been corrected for nuclear scattering (phon
and incoherent elastic scattering) and background. T
phonon contribution was obtained from an energy sc
at Q0 1 s4 4 0d, where the phonon structure factor is th
same as atQ0, except for a factorQ2, and where the mag-
netic scattering is negligible due to the rapidly decrea
ing Mn21 magnetic form factor [21]. The validity of this
phonon subtraction procedure was confirmed by measu
ments using full polarization analysis [20]. The energ
response of the magnetic scattering can be approxima
by a quasielastic LorentzianSsQ, vd ~ vysv2 1 G
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FIG. 1. Energy response of the magnetic scattering at d
ferent wave vectorsQ for Ef ­ 34.8 meV. The lines are
quasielastic Lorentzian fits.

width (HWHM) GQ ­ 8 10 meV at T ­ 10 K. Mea-
surements at other wave vectors and symmetry directio
show that there is no significant dispersion of the ma
netic scattering withQ in the 1–20 meV energy range.

Figure 2 shows aQ scan in the [110] direction at
an energy transfer of 10 meV. The two peaks ar
located at two identical points in the same Brillouin
zone, but at opposite sides of the reciprocal lattice vect
s2 2 0d. Their intensity scales with the square of the
magnetic form factor, giving further strong evidence tha
the signal atQ0 is of magnetic origin. Similar scans
performed at both smaller and larger energy transfe
(between 5 and 15 meV) show the same structure, af
correction for phonons. These scans are well describ
by two Lorentzians (after correction for the magneti

FIG. 2. Q scan in the [110] direction at an energy transfe
of 10 meV. The line is a fit with two Lorentzian functions of
the same width, multiplied by the square of the magnetic for
factor. The inset shows a scan in the [001] direction at th
maximum of the magnetic signal. In both plots, the horizonta
bar shows the projection of the resolution ellipsoid in the sca
direction.
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form factor) of the same width located ats2 6 j 2 6

j 0d, with j ­ 0.70s3d. The intrinsic width (HWHM)
of these Lorentzians isk ­ 0.30 reciprocal lattice unit
s0.35 Å21d, which is much larger than the instrument
resolution (see Fig. 2). Thus, the correlation leng
is k21 ­ 2.8s2d Å, which corresponds to the distanc
between two neighboring Mn atomss2.72 Åd.

Since the magnetic signal observed in energy scans
severalQ’s was always rather flat, the magnetic corre
tions were studied by performingQ scans,sj j ld and
sh h jd on a rectangular grid, at an energy transfer
10 meV, with scans separated byDh or Dl of about
0.3 Å21 and with a step sizeDj of about0.1 Å21. These
steps are close to theQ resolution, which is approximately
0.22 s0.09d Å21 in directions perpendicular (parallel) t
the scattering wave vectorQ. Figure 3 shows the im-
age reconstructed from these data. A flat background,
termined from measurements at negative energy tran
and by rotating the analyzer by6±, was subtracted from
the raw data and a smoothing [22] was performed. F
the low temperatures and smallQ’s for which the data
were measured, the contamination from phonons is ne
gible. This is rather clear from Fig. 2, and has been c
firmed by complementary measurements of the phon
dispersion and structure factors at higher temperatures
largerQ’s. We are thus convinced that Fig. 3 shows pr
dominantly the magnetic signal ofsY0.97Sc0.03dMn2 in the
[110]-[001] scattering plane. Several interesting featu
emerge immediately.

First, the maximum of the magnetic signal occu
at wave vectorsQ ­ K 6 q, where K is a reciprocal
lattice vector andq ø s3y4 3y4 0d. This is in contrast
to the low temperature ordered magnetic phase of YM2

[7], where the magnetic Bragg peaks are observed

FIG. 3 (color). Wave vector dependence of the spin fluctu
tion amplitude in the [110]-[001] scattering plane, measured
10 K for an energy transfer of 10 meV. The black lines rep
sent the intersections of the Brillouin zones with the scatter
plane. Color bar units are in counts per 8 min. The unifo
area around the origin was not accessed experimentally.
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q’s belonging to the star ofs0 0 1d. Consequently,
the short-time spin dephasing between neighboring
tetrahedra is different in the two phases. A subsequ
inelastic neutron-scattering experiment, performed in
high temperature paramagnetic phase of a single cry
of YMn2, demonstrated this conclusion to be independ
of the substitution of Sc for Y. This is not inconsisten
with a first-order transition, all the more as a large volum
discontinuity sDVyV ø 4.7%d, driven by a substantial
jump of the Mn spin amplitude upon ordering, is observ
at TN . Therefore the magnetoelastic interactions sho
certainly play a relevant role in inducing the magne
transition and selecting a different magnetic state.

Second, we observe that the signal is extended al
the directions of the Brillouin zone boundary. This
illustrated in Fig. 2: The magnetic signal is broader in t
[001] than in the [110] direction. As mentioned abov
the inverse correlation length in the [110] direction isk ­
0.35 Å21, while it is k ­ 0.58 Å21 in the [001] direction,
corresponding to a real space distance much smaller t
the interatomic distance. The magnetic scattering in
plane containing the [100] and [010] axes is extended
the same way, with nearly the same maximum intens
on practically the whole Brillouin zone boundary aroun
lattice points of typeK ­ s2 2 0d. The signal is always
comparably narrower in directions perpendicular to t
Brillouin zone boundary [20]. We believe that this quit
unusualQ dependence of the magnetic scattering (a
therefore of the susceptibility) is due to the existence
a degeneracy of states associated with the geomet
frustration, as in localized spin systems [23], and that
prevents any second-order Néel transition. It has be
invoked to be the origin of the large linear contributio
to the specific heat [24]. A physical analogy with4f and
5f heavy-fermion materials would relate to the fact th
Kondo fluctuations are localized in real space, which a
leads to a flat dynamical susceptibility inQ space.

A last important feature of the map shown in Fig.
is that the magnetic signal is observed in the Brillou
zone around only certain reciprocal lattice points.
reflects the fact that there are four Mn atoms in t
elementary unit cell, and hence the magnetic scatter
has a structure factor, similar to that for phonons. Th
provides additional information on the spin correlatio
within the Mn tetrahedra: The absence of any magne
signal in the Brillouin zone around the origins0 0 0d
and reciprocal lattice vectors of types0 0 4d, s2 2 2d, . . . ,
implies that the self-time correlation of the sum of th
spins within each tetrahedron is zero. This suggests
formation of strong 4-site collective spin singlets. A
given from the energy width of the magnetic scatterin
the lifetime of these spin singlets is short, of the order
7 3 10214 s. Hence, for short times, the nearest neighb
spins within each tetrahedron are strongly correla
and form singlets, while for longer times the spins a
uncorrelated. Although the exchange energy gives rise
2127
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normally only one energy scale, the existence of the
singlets transposes to strong intratetrahedral and w
intertetrahedral spin-spin correlations induced by pu
geometrical effects and allows further analogy with4f
and5f heavy-fermion materials where two energy scal
coexist: the Kondo temperature and the RKKY exchan
interactions.

In conclusion, we have performed inelastic neutro
scattering measurements on a single crystal
sY0.97Sc0.03dMn2 that have brought into light new
features concerning the spin fluctuations, which, to o
knowledge, are observed for the first time. The dyna
ical susceptibility is strongly extended with respect
the wave vector in directions parallel to the Brilloui
zone boundary, and sharp in perpendicular directio
indicating an underlying degeneracy of magnetic stat
It cancels around certain reciprocal lattice points, su
gesting that spins are correlated so as to form short-liv
4-site collective spin singlets. Both peculiarities of th
spin fluctuations are inherent to the geometrical fru
tration of antiferromagnetic interactions. They provid
new insights into the heavy-fermion behavior of th
compound, which remains puzzling within the prese
theoretical understanding of itinerant magnetism. T
energy response of the magnetic signal is broad a
somewhat unusual since no significant dispersion can
measured, a result which calls for theoretical explanati
as well. There is no indication of a gap (expected f
a quantum spin liquid ground state) in the magne
excitation spectrum, although the best energy resolut
of the present experiment cannot exclude the existence
a gap smaller than 1 meV.
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Ph. Bourges for assistance during the experiments,
to E. Bourgeat-Lami for help with the single crysta
growth. The specific-heat measurement was performed
collaboration with R. Calemzuk. The neutron-scatterin
measurements were performed at the Laboratoire Lé
Brillouin, Laboratoire commun CEA-CNRS.
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