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Abstract

Comprehensive and systematic neutron scattering and NMR experiments for the geometrically-frustrated itinerant-electron system
YMn are reviewed. Trials to observe the spin fluctuation spectrum and the approach to more plausible helimagnetic structures are2

presented. A spin-liquid-like behavior and the low-dimensional nature of the spin fluctuation spectrum are discussed in connection with
the geometrical frustration. The possibility of the double-axial helimagnetic structure and the spin reorientation induced by the
inhomogeneity are argued by taking into account the strong magnetocrystalline (or spin–orbit) coupling.  2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction (chemical pressure). The substitution of only 3% Sc for Y
stabilizes the paramagnetic state down to the lowest

There is no doubt that neutron scattering experiments temperature (T ) [8]. A number of interesting features of
are required to investigate magnetic materials and are best Y Sc Mn (abbreviated as Y(Sc)Mn ) have been0.97 0.03 2 2

to survey the momentum (q) and energy (v) dependence reported; a 3d heavy fermion behavior (the electronic
2of the magnetic spectrum. On the other hand, NMR uses specific heat coefficient g 5 150 mJ/K mol [9]) and a

low-energy and local probes. Although both techniques are spin-liquid-like (or spin-singlet-like) state [10], etc. At
microscopic experimental tools, the information given by present these characteristics are considered to be due to the
them is qualitatively different and complementary. Here, geometrical frustration of the antiferromagnetic (AF) inter-
we would like to suggest that their combination enables us action in the corner-sharing tetrahedral lattice, which is
to take a step forward in understanding the nature of inherent to the cubic Laves-phase structure. In what
magnetic materials. follows, we will approach the direct observation of the spin

In this paper, we present comprehensive and systematic fluctuation spectrum with polarized neutron scattering and
investigations of the cubic Laves-phase compound YMn nuclear magnetic relaxation. In the latter half, we will2

and related materials, which have been supplying new discuss the magnetic structure. In general, magnetic struc-
interesting physics in the field of the fundamental metallic tures determined by neutron diffraction (ND) experiments
magnetism [1–4]. YMn exhibits a helimagnetic transition are ambiguous to some extent, especially in the direction2

(T . 100 K) accompanied by a large volume change of spins in high-symmetric lattices [11]. To distinguishN

( | 5%) and a small tetragonal distortion ( | 0.5%) [5–7]. these degenerate structures, NMR is helpful because real-
˚ space information given by NMR is complementary to thatThe period of the helical modulation is very long, |430 A.

of reciprocal-space obtained by diffraction methods.YMn is located in a critical position as regards the2

Polarized neutron scattering experiments were per-stability of the Mn magnetic moment, which is sensitive to
formed by using the polarized neutron triple axis spec-the Mn atomic volume. The helimagnetic state is easily
trometer ISSP-PONTA-5G installed at the research reactorsuppressed by pressure or the substitution of a small
JRR-3M in Japan Atomic Energy Research Instituteamount of a third element of smaller atomic volume
(JAERI), Tokai, with a fixed initial energy 80 meV. ND
measurements to investigate the magnetic structure were*Corresponding author. Tel.: 181-75-753-5477; fax: 181-75-753-
carried out by using high resolution powder diffractometer4861.

E-mail address: nakamura@nmr.mtl.kyoto-u.ac.jp (H. Nakamura). (HRPD) and low-energy triple axis spectrometer (LTAS)
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installed at JRR-3M. The wavelengths were 1.823 and state has been predicted [14]. As a characteristic of the 3D
˚4.750 A for HRPD and LTAS, respectively. NMR spin- frustrated lattice, reduced dimensionality of the fluctuation

echo measurements were made with a laboratory-made spectrum is expected.
phase-coherent-type pulsed spectrometer. As an intuitive explanation, let us start with black and

white lattices shown in Fig. 1. Fig. 1a represents the
frustration in a tetrahedron, where colors of ‘gray’ atoms

2. Geometrical frustration in the Laves phase cannot be determined uniquely. Fig. 1b is an example of
structure corner-sharing tetrahedral black and white lattices, which

is one of the most stable AF structures in the crystal [15].
YMn forms the cubic C15 type crystal structure (space Let us note k110l spin chains formed by nn atoms, which2

group Fd3m), in which Mn atoms are located at the 16d are perpendicular to each other in neighboring (001)
¯site with trigonal site symmetry (3m) along the k111l axis. planes. Each atom has six nn atoms, all of which are

The site is described as a network of corner-sharing located in the crystallographically equivalent k110l axes
tetrahedra (Fig. 1), usually called the ‘pyrochlore’ lattice. including the atom. In other words, three k110l chains

It is well known that the nearest-neighbor (nn) AF cross at each atomic site; ex. [011], [101] and [110] chains
interaction frustrates in a regular tetrahedron. The network at r in Fig. 1b. Due to the ‘frustration’, it is impossible for1

of tetrahedra connected at the corners is known as a highly all spins to satisfy nn AF coupling. If spins are arranged as
frustrated lattice. This is a three-dimensional (3D) ana- 1 2 1 2 in k110l chains in (001) planes, i.e. in [110]

¯logue of the 2D Kagome lattice (a network of corner- and [110] chains, the spin configuration in the other k110l
sharing triangles). Theoretical investigations of this lattice chains are inevitably 1 1 2 2 . Therefore the AF corre-
initiated by Anderson [12] and Villain [13] are now lation along [001] is ‘decoupled’ in compensation for the

¯followed by many works, and a 3D quantum spin liquid tight 1D-like AF coupling along [110] and [110]. In fact,
in this model, the magnetic symmetry is not cubic in the
sense that the k110l spin chains are no more equivalent,
implying impossible long-range ordering in the cubic
symmetry.

3. Paramagnetic properties

3.1. Anisotropic local susceptibility

The T dependence of the magnetic susceptibility, x,
recently measured for YMn is shown in the inset of Fig. 22

[16]. It exhibits an anomaly with a thermal hysteresis at TN

Fig. 1. (a) Geometrical frustration in a tetrahedron. Black, white and gray
marks represents up, down and indefinite spins, respectively. (b) An
example of black and white lattices in the corner-sharing tetrahedral Fig. 2. Temperature dependences of the parallel (d) and perpendicular
lattice. Note the decoupling along [001] in compensation for the tight (s) components of the Knight shift for YMn . The inset shows the2

¯antiferromagnetic coupling along [110] and [110]. temperature dependence of the magnetic susceptibility for YMn .2
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and gradually increases with increasing T above T . It has etc. are consistent with this. We interpret this characteristicN

been known that x tends to saturate at much higher T [18]. feature as an aspect of the frustrated lattice.
The T dependence above T reminds us x of the 1DN

antiferromagnet [17]. The weak T dependence in spite of 3.3. Anisotropy of the spin fluctuation spectrum
¢strong exchange interactions is due to the strong q

dependence or spin-singlet-like coupling of Mn spin The nuclear magnetic relaxation time in the paramagnet-
fluctuations. ic state gives information on the q-averaged low-energy

Although the crystal structure is cubic, the lower point generalized susceptibility, x(q,v) [23]. As neutron scatter-
symmetry of the Mn site should give rise to local magnetic ing, the T dependence of the relaxation time can monitor
anisotropy. It is hard to get information from macroscopic the q 2 v dependence of the spin fluctuation spectrum.
measurements on such anisotropy in the cubic system but Concerning the nearly AF metal it is known that the
the Knight shift analysis can give such information. T spin-lattice relaxation rate 1 /T varies as follows1dependences of Knight-shift components parallel and
perpendicular to the local symmetry axis, K and K , 1 Ti ' b] ]]]~Tx(Q) ~ (1)bmeasured for YMn [16] are shown in Fig. 2. Both the T2 (T 2u )1
components are proportional to x with negative hyperfine
coupling. K is more T-dependent than K . If we assume with b 5 1/2 for isotropic spin fluctuations [24], resulting' i ]Œisotropic hyperfine coupling, this result indicates that the T in 1 /T ~ T at high T. However, from an early stage, it1

55variation of x is larger than that of x by about 40%, and has been known that Mn21/T for Y(Sc)Mn tends to' i 1 2 ]Œthat the anisotropy increases with decreasing T, suggesting saturate at high T more strongly than the expected T
strong magnetocrystalline (local) anisotropy. In other dependence [25]. The origin of this anomaly was recently
words, effects of ‘orbitals’ are not negligible even in this explained as due to the anisotropy, i.e. a low-dimensional
kind of metallic compound, and they are probably related nature of the spin fluctuation spectrum originating in the
to the origin of the small tetragonal distortion below T . frustration [26].N

The particular geometry of the C15 structure gives rise
3.2. Giant quantum spin fluctuations to an anisotropic nature of fluctuations because of the

strong AF coupling along k110l. In neutron scattering
For powder Y(Sc)Mn , we observed huge spin fluctua- experiments, Ballou et al. [21] observed a flat dispersion2

tions with strong AF correlation by polarized neutron along [001] comparing with the sharper q-dependence
21 21¢ ¢¢scattering experiments. The results from | 300 to 1.35 K along [110]. Assuming x (Q 1 q,v) 5 x (Q ) 1

2 2 4were reported in Refs. [18–20]. The principal results are a (q 1 q ) 1 a q 2 iv /G, Lacroix et al. [26] calculated1 x y 2 z

briefly reviewed here. A large paramagnetic scattering was the T dependence of 1 /T and obtained b 5 3/4 for the1
21˚observed at the scattering vector Q . 1.6 A , which soft mode regime (an intermediate T range). This would be

nearly corresponded to twice the Mn–Mn interatomic compared with b 5 1 for the ideal 2D AF metal [27]. At
distance, indicating spin fluctuations with AF correlations. sufficiently high and low T, 1 /T should be asymptotic to1

The scattering intensity is large even at the lowest T. In ~const. (local moment) and ~T (Fermi liquid).
energy scan experiments at low T, scattering was observed Before discussing the T dependence, let us comment the
only on the neutron energy-loss side of the spectrum, experimental details. To stabilize the spin liquid state
implying the quantum origin of the fluctuations. The down to low T and to avoid the overlapping of signals

55 45 55characteristic energy of spin fluctuations 2G is large, from Mn and Sc, we selected Lu instead of Sc; Mn
12 4515–30 meV ( | 10 Hz), and remains large even at the and Sc have close gyromagnetic ratios. The measurement

45lowest T. We call this state a ‘spin liquid’ in the sense that of Sc–T is not appropriate to monitor Mn spin fluctua-1

large spins fluctuate dynamically while keeping strong tions because Mn fluctuations cancel at the Sc site and we
45local AF coupling. Ballou et al. [21] observed a charac- actually observed different T dependences of Sc–T and1

55teristic q-dependence of the spin fluctuation spectrum for Mn–T in Y(Sc)Mn [25]. Fig. 3 shows a field-swept1 2
55single crystalline Y(Sc)Mn and proposed the existence of Mn spin-echo spectrum measured for Y Lu Mn at2 0.96 0.04 2

four-site collective spin singlets; strong intratetrahedral and 4.2 K. Typical quadrupolar split paramagnetic powder-
55weak intertetrahedral spin correlation. pattern spectrum was observed (the Mn nucleus with the

The spin fluctuations slow down with the substitution of nuclear spin I 5 5/2 at the 16d site feels an electrical field
Al for Mn, i.e. a release of the frustration or distraction of gradient with the asymmetry parameter h 5 0, the nuclear
four-site spin singlets, resulting in the stabilization of local quadrupolar frequency is estimated as n . 2.7 MHz),Q

moments and a spin-glass-like state. The slowing down of indicating that the high-T state of YMn is stabilized down2

Mn spins in Y(Sc)(Mn Al ) were actually observed by to low T by the Lu substitution. The inset shows one of0.9 0.1 2
55polarized neutron scattering [39]. Behaviors of the nuclear Mn nuclear quadrupole resonance (NQR) line (m 5 63/

spin-lattice [1–3] and muon spin relaxation [22], a field- 2↔65/2) (the resonance frequency corresponds to 2n ).Q

cooling effect in x [10], reduced low-T specific heat [10], The inset of Fig. 4 shows T dependences of 1 /T and the1
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signal generally includes large ambiguity since the re-
covery function is not of single-exponential type [28] and,
in addition, several fitting parameters are necessary due to
the unknown initial condition of the nuclear magnetization.
Although the NQR recovery is not of a single exponential
type either, NQR-T is more reliable since the recovery1

can be analyzed in principle with a single parameter [29].
However, this is only the case when the saturation of
nuclear magnetization is ideally controlled. In addition, the
intensity of NQR is generally much poorer than that of
NMR, giving rise to larger statistical errors. On the other
hand, we found ideal single-exponential spin-echo decay,
resulting in much more reliable estimation of T than T .2 1

In addition we found good proportionality between T and1

T except at very low T as seen in the inset of Fig. 4. This2

indicates that T is dominated by electron spin fluctuations2

as T . Therefore we will discuss 1 /T instead of 1 /T .1 2 1

Fig. 4 shows the T dependence of 1 /T for Y(Lu)Mn55 2 2Fig. 3. Field-swept paramagnetic Mn spin-echo spectrum of
(closed marks). The broken curve shows Eq. (1) withY Lu Mn measured at 70.5 MHz and 4.2 K. The arrow indicates the0.96 0.04 2
b 5 1/2 fitted to the data below 30 K. Apparently 1 /Tzero Knight-shift position. The inset shows the NQR spectrum (m 5 65/ 2]Œsaturates more strongly than the expected T dependence2↔63/2).

at high T. The solid curve, the fitting of all the data points
to Eq. (1) with b 5 3/4, is in good accordance with thespin-echo decay rate 1 /T measured for Y(Lu)Mn . 1 /T2 2 1
data up to higher T. The open circles in the figure representwas measured by using the NMR center line (m 5 1/2↔ 2
data of pure YMn above T , which accord quite well with1 /2) and by NQR. 1/T was measured by the NMR center 2 N2
those of Y(Lu)Mn , indicating that the high-T state ofline. To estimate T and T values, we analyze recovery 21 2
YMn is stabilized as it is by the Lu substitution. Althoughand decay curves of nuclear magnetization, respectively. 2

we should be careful with regard to experimental accuracyNote that the T estimation by the quadrupole-split NMR1
in discussing such delicate T dependences, the present
crude analysis supports unambiguously the low-dimension-
al nature of the spin fluctuation spectrum in the YMn2

system. A more detailed analysis and theoretical discussion
has been given by Solontsov et al. [30] and data of YMn2

under pressure were reported by Zheng et al. [31].

4. Antiferromagnetic properties

4.1. Long-period helimagnetism: historical survey

¢The positions r of the Mn (16d) site in the unit cell are
¢ ¢ ¢ ¢ ¢given by r 5 (5 /8 5 /8 5/8) 1 r , 1 r , 1 r , 1 r with1 2 3 4

the face-centered cubic (fcc) translation, (000) 1 , (0 1 /
¢2 1/2) 1 , (1 /2 0 1/2) 1 , (1 /2 1 /2 0) 1 , where r 51

¢ ¢ ¢(000), r 5 (0 1 /4 1/4), r 5 (1 /4 0 1/4), r 5 (1 /4 1 /2 3 4

4 0); the 16d site is divided into four fcc Bravais sublat-
tices. To describe the magnetic structure, it may be

¢convenient to specify the modulation vector, Q, of the fcc
sublattice and the mutual relation among four sublattices.

¢The magnetic moment at the position r in a certain fcc
¢¢ ¢ ¢ ¢ ¢sublattice is described by m(r ) 5 m[ucos (Q ? r ) 1 vsin

¢ ¢(Q ? r )] where m gives the magnitude of moments and, u
Fig. 4. Temperature dependences of 1 /T for YMn (s) and2 2 and v are mutually orthogonal unit vectors. Assuming that
Y Lu Mn (d). Solid and broken curves are the best fits to Eq. (1)0.96 0.04 2 all of the four fcc sublattices have the same helical axis,with b 5 1/2 and 3/4, respectively (see text). The inset shows data of

¢ ¢i.e. the same u and v, the fundamental spin configurationY Lu Mn ; 1/T measured by field-swept NMR (s) and NQR (x),0.96 0.04 2 1

¢ ¢ ¢ ¢1/T by the NMR (d). in a unit tetrahedron (atoms at r , r , r and r ), which2 1 2 3 4
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gives the mutual relations among four fcc sublattices, may frequency is considered to measure the population of the
¢ ¢ ¢ ¢be described by m 5 m exp(2iq ? r ) (i 5 1,2,3,4) for atoms which feel a corresponding internal field, H . At ani 0 i loc

¢collinear spin states, where m gives the magnitude and early stage, Yoshimura and Nakamura [36] reported an0

¢direction of moments, and q is a modulation vector defined NMR spectrum with two peaks in the intensity ratio of 1:3,
to describe the phase. which was interpreted by assuming a simple collinear

From the first ND experiment with a wave length of structure. However, this spectrum was revealed to be
˚l 5 1.0 A, Nakamura et al. [5] proposed the AF structure inconsistent with the homogeneously modulated helix (see

¢ ¢with Q 5 [001] (fcc type-I) and q 5 [200] (ordered mo- below). After that, Bertier et al. [37] reported a different
ment of 2.7 m /Mn) as shown in Fig. 1b. Note that this is result of the NMR spectrum, which has a single peak withB

not a unique solution. The spin axis was proposed to be a long tail in the high-frequency side. This spectrum was
collinear along [111] by analyzing the magnetic intensities. explained assuming inhomogeneous modulation of the
However, it is known that some other models with helix. Why were the previous NMR spectra different?
different spin direction give almost the same magnetic Sample dependence?
intensities [5,32]. Afterwards, Ballou et al. [6] again We carefully measured frequency dependences of the

˚performed ND experiment using long l ( 5 2.483 A) and spin-echo intensity for YMn at 4.2 K, which are shown in2

found a splitting of some magnetic Bragg peaks. They Fig. 5a; measured at different t, 10 and 50 ms (t is the time
proposed a helical modulation of the AF structure with an separation between two pulses for the spin-echo experi-

˚ ¢extremely long period of | 400 A. They determined Q 5 ment) [16,38]. Surprisingly, we obtained markedly differ-
[t01] with t 5 0.02 within the restriction that two spins ent shapes. The profile at t 5 10 ms has two maxima,

¯facing in the [110] and [110] axes are antiparallel with while the data at t 5 50 ms exhibits a single peak with a
each other. Ballou et al. [33] also suggested the possibility long tail to the high-frequency side (the lineshape depends
of a multi-axial structure by considering the magnetic not only on t but also on the strength of the oscillating
anisotropy in YMn . Further, Cywinski et al. [7] performed field H ). These results clearly indicate that the frequency2 1

high-resolution ND using a pulse instrument and deter- dependent T , which was treated as negligible in the2
¢mined Q 5 [tt91] with t 5 0.018 and t9 5 0.003; the Mn previous works, is in fact very important. We measured the

˚spins rotating along [100] with a period of 430 A and
˚along [010] with 2500 A. The best fit to data was obtained

with the Mn spins lying in the (100) plane.
Other important information on the magnetic state is the

crystal distortion observed below T . After some debateN

over the crystal symmetry (rhombohedral [34] and tetra-
gonal [35]) a tetragonal distortion was confirmed by high-
resolution measurements [7]. The magnetic [001] axis
coincides with the tetragonal c axis. It seems, however,
that the Mn spins lying in the a plane and rotating along
the a axis (the model proposed by Ballou et al. [6]) is
somewhat difficult to explain the tetragonal distortion in
the c direction if the distortion is related to the magnetic

˚symmetry. Based on their ND result (l 5 2.42 A), Vok-
¢hnyanin et al. [32] proposed a different model with Q 5

[1 1 t 0 1 1 t] where t 5 0.0077; modulated along [101]
˚with a period of | 700 A. In this model, Mn spins lie in

the (001) plane and some nn spins are mutually perpen-
¢dicular in the plane; a kind of 2q structure. Thus, the

magnetic structure of YMn is still controversial.2

Recently we reexamined ND of YMn by HRPD and2

LTAS [16] and found that all results are in good agreement
¢with the previous ones [5–7,32]. We evaluated Q 5 [t01]

with t 5 0.018 and the distortion Da /a ; 1 2 c /a 5

0.516%.

Fig. 5. (a) Frequency dependences of spin-echo intensities for YMn24.2. Helimagnetism seen by NMR
measured at t 5 10 (d) and 50 ms (s), and at 4.2 K. (b) T -corrected2

spectrum. The full curve presents the calculation assuming the spin
We believe that NMR makes a breakthrough in this rotation in the h100j planes and the broken curve is its Gaussian

complex situation. Usually, the signal intensity at a certain convolution.
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frequency dependence of 1 /T and found a maximum at2

around the high-frequency peak in the spectrum. By
extrapolating the experimental spin-echo decay to t 5 0,
we estimated T -corrected intensities, which are plotted in2

Fig. 5b. The high-frequency peak is enlarged by the T2

correction, giving double peaks with almost equal intensi-
ty. It is of interest to consider the origin of the unusual
frequency dependence of T , which was interpreted by a2

tentative phenomenological model [16]; this is also one of
the aspects of large magnetocrystalline (local) anisotropy.

¢ND results tell us Q 5 [t01] for YMn . Within this2

condition and assuming a proper helix, we discuss direc-
tions of moments, i.e. the spin rotation plane. When H isloc

anisotropic, the resonance frequency is written in the first
2approximation as n(u ) 5 n 1 n (3cos u 2 1) /2, where n0 1 0

and n are parameters corresponding to angle-independent1

and angle-dependent components of H , and u the angleloc

between the magnetic moment and the local symmetry
axis. In this model, the distribution of u gives a width in
the NMR spectrum. We calculate the NMR spectra ex-
pected for the cases that helical spins rotate in typical
high-symmetric planes of the cubic lattice, h100j, h110j
and h111j, assuming a homogeneous distribution of the
spin direction in the rotation plane. If we know the relation
between u and the angle in the rotation plane f, the

21lineshape is given by I(n)~(dn(f) /df) . Calculated
results are shown in Fig. 6. The corresponding u is also
shown in the top of the figure. Note that the local

¯ ¯ ¯ ¯symmetry axis is not locally equivalent; [111], [111], [111] Fig. 6. Calculated NMR spectra assuming homogeneous and single-axial
¯ ¯ ¢ ¢ ¢ ¢and [111] for r , r , r and r in Fig. 1b, respectively. The helimagnetic modulation with the spin rotation in h100j, h110j and h111j1 2 3 4

planes.experimental spectrum of YMn apparently corresponds to2

the h100j type (n 5 128 and n 5 18 MHz). Generally it is0 1

not so easy to discriminate the spin rotation plane from the
example, the magnetic (110) peak (Fig. 7b) split to aND intensity analysis because the angle factor is averaged
triplet in contrast to the doublet for YMn (Fig. 7a). Theout to some extent in the helimagnetic states. On the other 2

triplet (110) (and the doublet (201) [39]) correspond tohand, NMR can discriminate the spin rotation plane rather
¢Q 5 [tt1]; t was estimated as 0.015. The Tb substitutioneasily. In conclusion, the NMR result is consistent with the
switches the direction of helical modulation form [100] tohomogeneous spin rotation in the h100j plane as originally
[110]. On the other hand the lattice distortion remainsproposed by Ballou et al. [6]. In addition, the present
tetragonal (Da /a 5 0.534%).results demonstrates that the T correction of the NMR2

The NMR spectrum is drastically changed by the Tbintensity, is essentially important in discussing the mag-
substitution. Fig. 8a shows the T -corrected zero-fieldnetic structure, especially in such anisotropic magnets. 2

spectrum of Y(Tb)Mn measured at 1.4 K. The second2

peak observed for YMn disappears and, instead, another2

4.3. Spin reorientation induced by inhomogeneity peak appears at a higher frequency. Apparently the ex-
perimental spectrum corresponds to the case of the h111j

Introduction of inhomogeneity to the crystal gives rise to plane rotation in Fig. 6 (n 5 130, n 5 18 MHz). Hence0 1

interesting effects to the magnetic structure. We prepared NMR revealed the switching of the spin rotation plane
Y Tb Mn . The element Tb was selected because the form h100j to h111j.0.97 0.03 2

atomic radius of Tb is close to that of Y and hence its What is the origin of the spin reorientation? Generally
substitution only introduces the spatial inhomogeneity but the direction of spins is determined by the exchange
hardly affects the stability of the Mn moment. Magnetic interaction and the anisotropy (which, here, includes not
peak positions are not modified by the Tb substitution, only single-ion anisotropy but also anisotropic or higher-

¢indicating that the fundamental magnetic structure (Q 5 order exchange interaction). The former prefers simpler or
[001]) remains the same [16,39]. On the other hand fine higher-symmetric structures and the latter forces the spin
structures of magnetic peaks are qualitatively different. For orientation to the easy magnetization direction. One should
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cally (in the tetragonal crystal) but also magnetically. If we
introduce the helical modulation along [100] as in pure
YMn , the phase of modulation c at the position (x,y)2

follows c~x (or c~y), indicating that the phase varies (the
¯spin direction rotates) in both the [110] and [110] chains.

On the other hand, when the modulation is along [110] as
in Y(Tb)Mn , c~x 1 y. This implies that all the spins in a2

¯[110] chain have a constant c, i.e. spins rotate only in
[110] chains and are locked in collinear arrangements in

¯[110] chains. Therefore, the switching of the modulation
from [t00] to [tt0] is a kind of symmetry lowering. Apart
from the origin of the helical modulation, if we assume the
strong easy plane anisotropy in the h111j planes and strong
antiparallel (collinear) coupling within the chains, the spin
reorientation may be reasonable. Probably pure YMn2

selects higher magnetic symmetry allowed in the crystal
symmetry while Y(Tb)Mn , in which the long-range2

coherence is disturbed by the lattice inhomogeneity, pre-
fers the locally stable configuration.

4.4. Possibility of double-axial helimagnetism

Both YMn and Y(Tb)Mn are slightly deformed2 2

( | 0.5%) to tetragonal below T . If the distortion isN

magnetic in origin (i.e. magnetostriction, or at least relatedFig. 7. Magnetic (110) peaks for YMn (a) and Y Tb Mn (b)2 0.97 0.03 2
to the magnetic symmetry), the above-mentioned simple˚measured by LTAS (l 5 4.750 A) at 10 K.

¢(1q ) helical structures seem to be inconsistent with the
tetragonal lattice symmetry. In addition, although wenote that the single-ion anisotropy of Tb does not contrib-
argued in last section that the NMR spectrum of Y(Tb)Mn2ute to the reorientation because Tb moments are decoupled
accords with the h111j plane model, the quantitativefrom the Mn sublattice and behave paramagnetic down to
accordance was, in fact, unsatisfactory; the calculationlow T. To understand the difference of the magnetic
shows that 1 /4 spins have fixed u 5 908 and the other 3 /4structures, let us recall the characteristics of the fundamen-
have distributed-u between 19.5 and 908, while the experi-tal magnetic structure (Fig. 1b). In the model, the [110]
ment favors a 1:1 ratio of those components (see below).¯and [110] chains are equivalent not only crystallographi-
To look for more symmetric models, it is rather natural to

¢extend the model to multi-q ones. Here we confine
ourselves to the models which satisfy the local tetragonali-
ty in the unit tetrahedron. The local tetragonal symmetry

¢implies the presence of two independent and equivalent q
vectors of h200j, i.e. [200] and [020]. In actual helimag-
netic structures, this treatment corresponds to the assump-

¯tion that the [110] and [110] spin chains have different
¢ ¢helical axes, i.e. different u and v.

¢Generally it is not so easy to discriminate the multi-q
¢structures from the corresponding 1q state from conven-

tional ND experiments. On the other hand, NMR as a local
probe may distinguish them rather easily in some particular

¢cases [40]. Here we discuss the possibility of the 2q states
mainly from the NMR results. The double-axial model
considered here for YMn is schematically shown in Fig.2

9b; the elemental unit is given by Fig. 9a and spins rotate
¯in the (100) and (010) planes in the [110] and [110]

chains, respectively. This is obtained by modifying the
model proposed by Ballou et al. [6] just as the spin rotationFig. 8. T -corrected antiferromagnetic nuclear resonance spectrum for2 ¯plane of the [110] chains is changed from (100) to (010).Y Tb Mn measured at 1.4 K. Solid and broken curves represent the0.97 0.03 2

¢ ¢calculation for 2q and 1q helimagnetic structures, respectively (see text). This structure has tetragonal symmetry not only locally but
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Fig. 10. Strains Da /a ; 1 2 c /a for YMn plotted against the helix2

period with temperature as an implicit parameter.

4.5. Origin of the helical modulation

The frustration is released by the tetragonal distortion
and long-range ordering is stabilized. However, the originFig. 9. Schematic representation of the double-axial helimagnetic struc-
of the helical modulation is not yet clear. Terao [15]ture considered for YMn . (a) Local spin configuration in the unit2

tetrahedron (d: z 5 0, s: z 5 1/4). (b) Spin rotations planes, (100) and discussed the magnetic structure of this lattice by taking
¯(010), for [110] and [110] spin chains, respectively. into account up to third nn interactions and claimed that no

helical modulation appears. Discussion on the fcc lattice,
also in the long range. All spin rotation planes are which is another 3D fully frustrated system yields some
equivalent with respect to the local symmetry axes. For suggestions. Giebultowicz et al. [41] argued the incom-
Y(Tb)Mn we assume the model derived from this struc- mensurate helical modulation induced by the tetragonal2

ture, in which the spin rotation planes are tilted to h111j distortion in the type-I fcc antiferromagnet, by taking into
¢planes. It is easily found that the spectrum of this 2q state account nn and next-nn interactions, J and J . They1 2

¢is different from the 1q state; the population ratio of the assumed the separation of J to J and J by the tetragonal1 ' i

sites with fixed u ( 5 908) and distributed u is 1:1 for the distortion (' and i mean perpendicular and parallel
¢ ¢2q state instead of 1:3 for the 1q state. This is based on the components to the c axis, respectively). In the model the

¢fact that, in the 2q structure, 1 /2 Mn spins in both the tilt angle of spins c is given by cosc 5 (J 2 J ) /J . If this' i 2
¯[110] and [110] chains direct perpendicular to the local is the case, it is expected that the helix period depends on

¢symmetry axes, while in the 1q state 1 /4 of all spins have the distortion. For the structure shown in Fig. 1 (four fcc
u 5 908. The expected NMR spectra are shown in Fig. 8b. sublattices), interactions from up to the fifth nn spins
The experimental result is in better agreement with the cancel due to the AF coupling. Therefore the effective J is2

¢case of the 2q state. Although we assumed that the easy the interaction with a sixth neighbor at a distance 9a /8. In
plane anisotropy in the h111j plane, the actual easy plane this case J may be small with respect to J 2 J , resulting2 ' i

should be a specific one perpendicular to the local symme- in a long period modulation.
¢try axis. In the proposed 2q structure, 1 /2 Mn moments We measured T dependences of both the helix period

always orient perpendicular to the local symmetry axis, and distortion of YMn by using HRPD and LTAS [42].2

reducing the anisotropy energy. Both of them decrease with increasing T. Fig. 10 shows the
In the case of stoichiometric YMn , unfortunately, the distortion plotted against the period, which is linear2

¢ ¢NMR spectra expected for the 1q and 2q states are the passing through the origin, suggesting the correlation
same. In addition the ND patterns are also the same if the between them and supporting the above model.

¢1q state is composed of multi-domains with equal popula-
tion. Therefore, for YMn , it is impossible to discriminate2

¢ ¢the 1q and 2q states even if both ND and NMR are 5. Summary
applied. However, the double-axial one may also be
preferable considering the tetragonal lattice symmetry and We applied neutron scattering and NMR experiments to
the situation in Y(Tb)Mn . investigate YMn . From an experimental point of view, we2 2
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