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1 Introduction

Advances in the theory of spin fluctuations have resulted in a remarkable synthesis of the
microscopic spin dynamics and the bulk properties of weak ferromagnets and exchange
enhanced paramagnets. In the case of systems like YMn, and $-Mn, which display an-
tiferromagnetic spin fluctuations, it appears that topological frustration is an important
extra factor, leading to quantum spin liquid behaviour. Inelastic neutron scattering and
£SR have important and complementary roles in characterising the spin dynamics in these
intriguing magnetic materials.

The very simplest approach to itinerant magnetism is the one-band Hubbard model:

H= Z Eyng + Z Un;(M)ni(d)
k i

where ny, n; are fermion number operators for a Bloch state with wavevector k and
a Wannier state at site i respectively. The first term represents the band energies of
the itinerant electrons and the second term is the coulomb energy between electrons of
opposite spin in the electron orbital on site i. The coulomb term is the largest of the
many types of correlation between clectrons in a metal: it acts only between electrons
of opposite spins because of the Pauli exclusion principle. Consequently it results in an
effective attractive interaction between electrons of parallel spin. A mean field treatment
of this Hamiltonian, in the spirit of the random phase approximation (RPA—see for
example White, 1983) leads to the standard result for the dynamical susceptibility:

_ XO(va)
X(g,w) = 1 — IXo(gq,w)

where I = 2U/(gug)?. The “bare” susceptibility Xo(g,w) of the electrons is given by
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= _ Tktel TR 1
Xolew) =10 5 T h e (1)




116 B D Rainford

which can be calculated from the band structure. For paramagnets like Pd, the uni-
form susceptibility is perhaps 5-10 times larger than that calculated from the Pauli band
susceptibility. This is a consequence of the “exchange enhancement” resulting from the

electron correlations:
X0(0,0)
X(0,0) = —————. 2
(0,0) 1 —1IX(0,0) )
Clearly if the exchange enhancement is large enough, the denominator in (2) can approach
zero, and the susceptibility then diverges when

IX(0,0) =1,

signalling the onset of a phase transition to a ferromagnetic ground state. This condition
is a version of the Stoner criterion. The form of the dynamical susceptibility for exchange
enhanced paramagnets, (Doniach 1967) is shown in Figure 1 as a function of a: = IX(0, 0).
The imaginary part of the susceptibility has been shown since it is this property which is
measured by inelastic neutron scattering, and also determines the uSR relaxation rate. It
can be seen that close to the onset of ferromagnetism most of the weight in the response
occurs at low frequencies. This response corresponds to the spectrum of long-lived spin
fluctuations, which are electron-hole pairs correlated by the effective attraction of parallel
spins arising from the coulomb repulsion and exchange correlations. The fluctuation-
dissipation theorem tells us that the mean square amplitude of the spin fluctuations is
given by:

) = T Znle) Im(0,0), ®)

i.e. the integrated area under the curves in Figure 1, weighted by the detailed balance
factor n(w) = [exp(Aw/kpT) — 1]71.

—
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Figure 1. Imaginary part of dynamical susceptibility of an electron gas (Doniach 1967):
(a) for one particular wavevector ¢ = 0.7kp with varying degrees of exchange enhance-
ment o and (b) the q, w dependence of the response for o = 0.925.
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Modern band calculations are based on “spin density functional” theory where the
effective potential in which the electrons move and the exchange-correlation potential are
written as functionals of the spin up and spin down electron densities n(f, r), n({,r).
Band structures can be calculated self-consistently, so that ground state quantities such
as the lattice parameter, the cohesive energy and the magnetic moment can be estimated
starting only from the atomic number and an assumed crystal structure. The accuracy of
such estimates is remarkably good: for an elemental metal typically the lattice parameter
is correct to a few percent, while the bulk modulus and magnetic moment are perhaps
within 10% of the observed values. The estimated ground state energy is usually accurate
enough to distinguish ferromagnetic and antiferromagnetic states. However the properties
which we would predict for itinerant magnets at finite temperature, on the basis of the
band structure (“Stoner theory”) are often in very poor agreement with experiment. In
particular the predicted value of the ordering temperature T¢ is typically much too high
and the temperature dependence of the susceptibility in the paramagnetic state is quite
different from experiment. This is seen readily by making a Landau-Ginzberg expansion
of the free energy as a function of the magnetisation:

2 4 2
F(]}4):F0(0)+aM +%_IM . (4)
\% Vv 2 4 2
where the last term represents the interactions between the electrons. The temperature
dependence of the a term is derived from the Fermi factors in band theory, treating the
excitations as uncorrelated electron-hole pairs:

o(T) = Xio <1 + %) (5)

where X, is the non-interacting (Pauli) susceptibility and Tp is an effective degeneracy
temperature (Lonzarich and Taillefer 1985). The b coefficient is only weakly temperature
dependent. Differentiating with respect to M gives the magnetic equation of state:

1 OF

= _=B=(a—-I)M+bM>+--- 6

Lo =B =(a— DM +bM ()
where B is the magnetic field. The susceptibility X is then given by

oM 1

X:E?_B T a1

M—0

Tt follows that the onset of ferromagnetism occurs when X diverges, i.e. a — I =0, which
leads to a value for the ordering temperature Ty:

To = Te(IXo — 1)"/2. (7)

In practice this estimate for T¢ from realistic band structures can be too large by a factor
of ten or more. Moreover the form of the susceptibility in the paramagnetic state (7" > To)

is found to be:
Xo T?

(IXg—1) T2 = T¢’

whereas experimentally it is more usual to find a Curie-Weiss law:

X:

N i piag
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3kg(T — Tc)
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For itinerant magnets the value of the effective paramagnetic moment g is usually much
larger than the low temperature spontaneous moment g in the ordered state.

The fault with Stoner theory is that it ignores the effects of the correlations between the
electron-hole pair excitations (i.e. spin fluctuations) and their effects in renormalising the
one-electron density of states. Early attempts to include the spin fluctuation contribution
to the free energy (known as “paramagnon” theories, named after the sharply peaked
structure in the spectral density (Figure 1)) derived the contributions to the heat capacity
(Doniach and Englesberg 1966 and Berk and Scrieffer 1966). When this approach is
applied to ferromagnets, however, it is found that the RPA dynamical susceptibility still
diverges at Tp in the static long wavelength limit, while the ordering temperature T
is renormalised to a value below Tj. There is a lack of consistency between the RPA
susceptibility and that calculated from the renormalised free energy.

2 Self-consistent renormalisation of spin fluctuations

Self consistent theories were first introduced by Murata and Doniach (1972) and by Moriya,
and Kawabata (1973). The Self-Consistent Renormalisation (SCR) theory of spin fluc-
tuations has been developed from these by Moriya (1985) and has been extended and
applied to a number of weak ferromagnets by Lonzarich and Taillefer (1985). We stay
close to the latter treatment in the following. The basic approach is to add a term
AF(M) to the free energy (Equation 4) which comprises a sum over thermally populated
spin fluctuation modes, calculated in the presence of an applied field which stabilises
the magnetisation M. Taking the classical approximation for the detailed balance factor
[exp(fiw/kpT) — 1]7! ~ kT /hw in Equation (3) leads to:

2 k‘BVE /oo ImX q, ) diw — kBTZX (9)

This follows from the Kramers-Kronig relation between the real and imaginary parts of
the susceptibility. The free energy then has the form:

F(M)  Fy(0) i aM?  bM* kBT

v Vv 2 4 v

> Infx (10)

v,q<qc

The interaction term —/M?/2 has been incorporated into the quadratic term, to give a
single parameter a. Differentiating with respect to M leads to the equation of state

1 0F
VoM
where (m?) and (m?) are the mean square amplitudes of the spin fluctuations parallel
and perpendicular to the direction of the mean magnetisation M. The temperature
dependence of the last term in (10) and of the spin fluctuation amplitudes in (11) are
much stronger than that of the a(T") term (5). The self-consistency of the equation of

state given by equations (9), (10), (11) is simplified by taking the long wavelength limit
for X, (q):

= B = [a+b(3(m?) +2(m?)] M + bM® (11)
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The cut-off wavevector ¢, in (10) increases with temperature in line with the number of
thermally populated spin fluctuation modes. The low frequency approximation for the
dynamical susceptibility in the paramagnetic state reduces to

Caw) =@ (1- 15 ) (12)

where for a ferromagnet
(g) = v¢x"'(q) (13)
The cut-off wavevector may then be defined from AI'(q.) = kgT.

In summary, once we have made the long wavelength and low frequency approximation
for the susceptibility, the magnetic equation of state may be determined self consistently
in terms of only four parameters, namely a, b, ¢ and . Two of these parameters, a, b
may be found from the zero temperature equation of state (and hence from a model of
the band structure) while the ¢ and +y are determined from inelastic neutron scattering
experiments, as described below. ' [

The Curie temperature T¢ in SCR theory is found to be smaller than the Stoner value
Ty. To see this we consider the approach to T¢ from the paramagnetic phase, in which
(m?) = (m?) = (m?)/3. At T¢, X;' =0, so that X;*(¢) = X; ' + c¢® + - - - = cg? and also
['(q) = v¢X~'(q) = ycg®. It follows that the cut-off wavevector is g. = (kpT/hyc)/3. The
condition for T¢ is that the coefficient of the linear term in the equation of state vanishes,
ie.

“a (% - 1) + gb(mz) = 0. (14)

Then from (9) we have

3kBT BkBT % 1 3kBch
2y = 22 == —d%q = .
) V. ?X(q) (2m)3 /o cq? 2m2c

Equation (14) now be written in the form:

4
- -
w13

T <‘27r2a> 3 c(hy)t/4
1 —_— .

5b kg

In the limit where 7. < Tp, when the spin fluctuations dominate the temperature de-
pendence of the equation of state, the Curie temperature T¢ is equal to T3, and is then
determined by all four parameters a, b, ¢ and . The ratio a/b is equal to the square of
the spontaneous magnetisation MZ at low temperatures. When experimental values of
My , ¢ and vy are inserted, it is found that the Curie temperatures of weak ferromagnets
are given with remarkable accuracy by SCR theory. For example 76 = 31K for MnSi,
compared to the measured value of 29.5K, while for NizAl the corresponding values are
39K and 41K respectively (Lonzarich and Taillefer 1985 and Moriya 1985).
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From equation of state (11) the uniform susceptibility in the paramagnetic phase is
the reciprocal of the term linear in M (since X = (0M/0B)p—0). It follows that

X HT)=a <T—2 - 1) + §b(m?> (17)
T} 3 '
The dominant temperature dependence here comes from the mean square amplitude of
the spin fluctuations (m?), which from (15) increases like T' (or, close to T¢, like T%/3,
allowing from the temperature dependence of ¢. in (15)). It follows that the susceptibility
shows a temperature dependence close to Curie-Weiss behaviour (8), with some deviations
for temperatures near Ti. The ratio of peg/po is found to be large, in agreement with
experiment (Lonzarich and Taillefer 1985 and Moriya 1985).
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Figure 2. Inelastic neutron cross sections for the exchange enhanced paramagnet NizsGa
(left) and the weak ferromagnet ZrZny (right) in the paramagnetic phase (Lonzarich et al.
1989 and Bernhoft et al. 1983). The full lines are fits to the SCR theory from which the
parameters ¢ and vy are derived.

3 Inelastic neutron scattering studies

The inelastic neutron cross section is proportional to the dynamic structure factor

S(a0) = M1

Im X(q,w) (18)
where fiw is the energy transfer and ¢ is the wavevector transfer in the scattering process.
From (12) we have in the paramagnetic state:

X(¢)T'(q)

1
—Im (¢,w) S+ T(g)

(19)
i.e. the lineshape is Lorentzian with the linewidth I'(¢) given by (13). This form for the
cross section appears to be an excellent description of real systems in the limit of small
w and q. Figure 2 show the measured cross section in the paramagnetic state for the
weak ferromagnet ZrZn, and the exchange enhanced paramagnet NizGa (Lonzarich et al.
1989 and Bernhoft et al. 1983). The lines in the figures are fits to the cross section using
(16) with ¢ = 3x10°A2, Ay = 1.8ueV-A for ZrZny and ¢ = 1x10°A2, Ay = 3.0ueV-A for

—> fwimeV)
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NisGa. Some of the most extensive inelastic neutron measurements have been made on
MnSi. This compound orders below 29.5K with a long wavelength (180A) helical magnetic
structure. A magnetic field of only 0.6T is sufficient to induce a ferromagnetic state in
which the Mn atoms carry a moment of 0.4uB. Figure 3 shows contours of the scattering
measured at two temperatures in the paramagnetic state, one just above Ty, the other
close to room temperature (Ishikawa et al. 1985). This shows clearly the increase in the
cross section, due to the increase in amplitude of the spin fluctuations with temperature.
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Figure 3. Contours of neutron scattering cross section for MnSi in the paramagnetic
state at two temperatures: (a) 33K, just above Tc and (b) 270K (Ishikawa et al. 1985).

The linewidth I'(¢) for MnSi in the paramagnetic state is shown plotted against the
function g(¢*> + «?) in Figure 4, where k = (¢X)~'/? is the inverse correlation length
(Ishikawa et al. 1985). This plot shows that the linewidth is consistent with the form of
(13) and the small g expansion of X(¢). These data, together with experiments on the
weak ferromagnet NizAl, and the enhanced paramagnets TiBe, and YCo,, verify that
the SCR theory gives a good account of the spin dynamics of these classes of itinerant

magnets.
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Figure 4. Line-width T'(q) for MnSi plotted against q(k® + ¢%) at different temperatures
[cf Equation (13)], where k is the measured inverse correlation length (Ishikawa et al.
1985).

4 Muon spin relaxation measurements

In a longitudinal geometry experiment the uSR relaxation rate due to fluctuating local
magnetic fields is

A= ZJ /OOO(BQ(O)Ba(t)) dt

a=t,)

where the coupling constant G depends on whether we are dealing with hyperfine or
dipolar interactions. Assuming that the local fields are mainly due to the fluctuating
spins on nearby magnetic atoms we can put

Ba(t) = D _ Dag(m)Sh,(t)
m,3

where the Dqg coefficient describes either the dipolar or hyperfine coupling mechanism.
The relaxation rate then becomes:

A=GX S Das(m)Dag(n) [ di(SE0)SE(0).

a,Bf m,n

Inserting the spatial Fourier transforms
Selt) = 3 e "G [8),
m

it is straightforward to show that

e

A= G% qu ID(Q)|2/OOO<S—q(O)Sq(t)>dt == gqj ID(@)S(g,0),
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where S(g,0) is the zero frequency limit of the dynamical structure factor S(g,w) and
D(q) is the Fourier transform of Dgg(m), summed over o, 3. Then from (15) and (16)

S1,0) = lim | " g, )] - 20 @)

The pSR relaxation rate therefore can give extra information about the coefficients ¢
and 7 which occur in the SCR theory. Rather surprisingly the only detailed uSR work
on weak ferromagnets has been that carried out on MnSi (Hayano et al. 1978). This
was some of the first work to be carried out using the zero field uSR technique. The
temperature dependence of the relaxation rate in the paramagnetic phase of MnSi was
found to be A\(T') ~ T/(T — T¢), as shown in Figure 5 (Hayano et al. 1978). This follows
directly from the form for I'(¢) in (13) and the small ¢ expansion of X(g). If we ignore
the ¢ dependence of D(q) then

_ kBT < X(g) 47erBT/ qdg _ 4nGkgTX ¢
= ( =

N Zq: I'(q) ~ v X1+ cq?)? cy g2 + K2

A

where g, is the upper limit of the wavevector and x? = (X¢)~'. It follows that if the
uniform susceptibility X has the Curie Weiss form (8), then A ~ T/(T — T¢).
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Figure 5. Temperature dependence of inverse of uSR relazation rate \™' = T} for MnSi
above Tc: (Hayano et al. 1978). The linear plot versus T~ shows that A o< T/(T — T¢:)
with Te = 29.5K. '

Later work on MnSi has included a study of the nuclear quadrupole splitting of the
%Mn nucleus via avoided level crossing resonance (ALCR) spectroscopy (Kadono et al.
1993). Two resonances were observed since I = 5/2 for *Mn. The quadrupolar splittings
were found to be quite strongly temperature dependent, suggesting that in MnSi there is
an interaction between the charge density and the spin density that couples the electric
field gradient to the critical fluctuations. Further work on the muon spin relaxation has
concentrated on the muon-nuclear double relaxation effects (Kadono et al. 1990).

It is somewhat surprising that other weak ferromagnets and exchange enhanced para-
magnets have not been studied by uSR in a systematic way, especially since uSR data
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is obtained far more readily than a detailed neutron investigation, which would have to
cover a range of (¢,w) space at each temperature. uSR is also sensitive to a different
time/frequency domain from neutron scattering. Any departures from the SCR predic-
tions, which might show up in SR data, would give important insight into the dynamical
scaling in these materials.

5 Fluctuations in antiferromagnets

The main feature of systems showing antiferromagnetic spin fluctuations is that the sus-
ceptibility X(g) is peaked in the vicinity of an ordering wavevector @@ which may be either
commensurable or incommensurable with the lattice. The former case leads to a simple
antiferromagnet below the Néel temperature (at which X(Q) diverges), while incommen-
surable wavevectors lead to a modulated magnetic structure (helical or sinusoidal) below
Tx. The uniform susceptibility X(0) is often quite featureless, while in the vicinity of the
ordering wavevector X(g) can be expanded as above:

X Q+q) =Xg" +eg® + - = X5 (1 + ¢*/K?). (22)

Within SCR theory the most distinct contrast to the ferromagnetic case is in the g
dependence of the linewidth I'(¢). For antiferromagnets Moriya and Hasegawa (Hasegawa
and Moriya 1974) have shown that

L(q) = 7(¢* + &%), (23)

so that the linewidth goes to a finite value yx? at ¢ = 0, unlike the ferromagnetic case.
The different ¢ dependence of I' leads to a different result for the temperature dependence
of the SR relaxation rate A\. From equations (20) and (21) above it is straightforward to
show that A scales like X7, to leading order. Since k = (Xgc)~'/2 then we would expect
A~ T/(T — Ty)"/?, when the staggered susceptibility displayed Curie-Weiss behaviour.
This means that A tends to increase with temperature like /7 for T > Ty (Moriya 1985).

Perhaps the mostly widely studied systems that display antiferromagnetic spin fluc-
tuations are YMny and $-Mn . Their extraordinary magnetic properties result from a
rather unique combination of circumstances, namely the proximity of the itinerant elec-
tron system to moment instability (YMn;) or moment formation (3-Mn), together with
the topological frustration arising from antiferromagnetic correlations on lattices of cor-
ner sharing tetrahedra (YMn,) or triangles (6-Mn). Both of these systems show large
amplitude spin fluctuations and a great sensitivity of the magnetic properties to the unit
cell volume. In studies of these systems microscopic probes like NMR, uSR and neutron
scattering have contributed a great deal. In the following we would like to stress the
complementarity of inelastic neutron scattering and uSR. techniques.

6 YMn; and related alloys

YMny, which has the C15 cubic Laves structure, displays a dramatic first order phase
transition to an antiferromagnetically ordered state at 100K, which is accompanied by a
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5% increase in cell volume (Shiga 1988). This AF transition is suppressed completely by
a pressure of only 0.4Gpa, or by the substitution of 2% of Y by Sc or of 2.5% of Mn by Fe.
In these cases the ground state appears to be very similar to the spin liquid ground state
of 3-Mn, which shows no sign of magnetic order down to low temperatures. Substitution
of Mn by Al in both -Mn and YMny tends to stabilise a local moment on the Mn atoms,
and causes a reduction of the magnetovolume effects.

6.1 Neutron scattering studies of YMn,

Neutron scattering studies of YMn; have been carried out by a number of groups, mostly
using neutron polarisation analysis (PA) to separate the spin fluctuation response from the
phonon scattering [Deportes et al. 1987a,b and Feltoft et al. 1988]. The PA technique has
the disadvantages that count rates are low compared to unpolarised neutron spectrometers
and it is necessary to scan point by point in (K,w) space. We chose instead to use
time-of-flight spectroscopy with unpolarised neutrons, allowing spectra to be collected
over a wide range of K and w simultaneously (Rainford et al. 1992). The separation
of the magnetic response from the phonon scattering was effected by extrapolating the
measured signal from high K values, where the magnetic form factor f3(K) is small, to
lower K values. The form of this extrapolation was established by extensive Monte Carlo
simulations of the multiple phonon scattering. Details of the procedure are given in the
reference by Rainford et al. 1992. The method is particularly well suited to systems with
antiferromagnetic correlations where the integrated magnetic response X (K) f?(K) peaks
strongly at intermediate values of K. Constant K cuts through the (K,w) scattering
surface were well represented by a Lorentzian lineshape function:

= X(K) (24)

Im X (K, w)
w

2+ w?

For the incident energies used (60 to 100meV) energy transfers could be measured
out to 40-50meV in the K range between 1A~" and 3A-1, where the magnetic scattering
peaks. In all the samples studied, namely pure YMn, and four alloys with 4% Fe, 3% Al
and 10% Al substitution for Mn, and 3% Sc substitution for Y, there was still significant
scattering out to the edge of the accessible (K,w) domain (Dakin 1993). It follows that
there is a component of the spin fluctuation response extending out to high frequencies. It
should be noted that measurements on polycrystalline samples involve a spherical (pow-
der) average over the direction of the scattering vector K, so that the simple lineshape
(24) masks the detailed dependence of the linewidth I" on the wavevector ¢. However the
wavevector-dependent susceptibility X(K) can be derived directly from the lineshape (24)
using the Kramers-Kronig relations.

Figure 5 shows X(K) as a function of temperature derived in this way for the alloy
Y(Mno_ggFeO,M)g. The susceptibility was placed on an absolute scale by normalisation
of the scattering against the incoherent scattering of a standard vanadium sample. The
substitution of 4% Mn by Fe contracts the unit cell of YMn, and suppresses the first order
transition. This allows measurements of the spin fluctuation response to be made down to
low temperatures. It can be seen that there is substantial temperature dependence to (K):
the peak response doubles between 200K and 4K, and at the lower temperatures a double-
peaked structure develops. In our earlier paper (Rainford et al. 1992) we analysed this
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data assuming that the characteristic wavevectors of the spin fluctuations were close to
the reciprocal lattice vectors of the antiferromagnetically ordered phase of YMny, namely
T110, T210, T211, etc. Recent important measurements on single crystals of YMn, have shown
that this is not the case. Ballou et al. (1996), using a triple axis spectrometer, showed
that the magnetic response peaks in kidney-shaped blobs displaced from 71, towards the
corner of the Brillouin zone at (Q,Q,0) with @ ~ 1.25 (Figure 2, left). We have now
reanalysed the X(K) data in the light of this new information (Rainford et al. 1998). The
solid lines in Figure 6 are fits to a model for the spherically averaged form of X(q) in
which the form of the susceptibility was taken, for simplicity, to be a Gaussian function
of g centred on 7q = (Q, @, 0) type positions (q = K — 7q):

X(q) = Aexp[-|al*/20°] (25)
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Figure 6. Temperature dependence of X(K)f*(K) for Y(MnggsFeyos)s derived from
wnelastic neutron spectra. The solid lines are a fit to a model of the powder average of
X(q) as discussed in the text (Rainford et al. 1998).

The equivalent positions were derived from a Brillouin zone doubled in each direction,
namely zone centres at (2,2,2), (4,0,0); (4,4,0) etc., plus all equivalent vectors (@, @, 0).
The doubling of the Brillouin zone required to describe the characteristic wavevectors
found in the single crystal measurements implies that the antiferromagnetic correlations
are strongest within a subunit of the unit cell, most likely a single tetrahedron of four
nearest neighbour Mn atoms. The form of the spherical average of X(q) used in the fits
is given in reference (Rainford et al. 1992). The values of @) found in the fits in Figure 6
ranged from 1.13A! at 4K to 1.21A=" at 200K, somewhat smaller than the value 1.25A "
found for YMny in the single crystal data (Rainford et al. 1992). The Gaussian width o of
the (Q,Q,0) peak increased smoothly from 0.19A-1 at 4K to 0.26A~! at 200K, reflecting
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a decrease in the correlation length of the magnetic short range order with increasing
temperature. Similar quality fits were obtained for all the alloys measured, though there
were some striking qualitative differences in the forms of X(K). The Yo.975¢0.03Mny alloy
might be expected to give results very similar to those of Figure 6, since Sc substitution
contracts the unit cell by a similar amount and suppresses the first order AF transition.
However we found that X(K) for this alloy is practically independent of temperature and
does not show the double peaked structure at low temperature. This suggests magnetic
correlations of a shorter range than for the 4%Fe alloy. The two samples with 3 and
10% Al substituted for Mn developed double peaked structure at temperatures as high
as 100K. Substitution of Mn by Al expands the cell volume, tending to stabilise the Mn
moment. The X(K) data are consistent with this. picture.

6.2 Evidence for frustration in the spin correlations

Frustration is thought to play a key role in determining the magnetic properties of YMny
and its alloys, since the main feature of the magnetism is antiferromagnetic coupling
between Mn atoms on a pyrochlore lattice of corner sharing tetrahedra. There has been
considerable interest in frustrated localised magnets recently which has led to extensive
Monte Carlo simulations for classical spins on the pyrochlore'lattjce. Reimers (1992)
presented powder average S(K) data for the pyrochlore lattice for nearest neighbour
exchange which has a form remarkably similar to the high temperature data in Figure 6,
corresponding to short range order on a scale of the order of one unit cell. The inclusion
of a small amount of second neighbour exchange gives a multiple peaked structure, similar
to the low temperature data in Figure 6. The correlations in this case extend out to two
or three unit cells. Zinkin and Harris (1995) have used a local mean field approach to
calculate the form of S(q) throughout the Brillouin zone (BZ) for the pyrochlore lattice
with nearest neighbour exchange. For the (1,-1,0) plane of the BZ the contours of S(q)
extend out from the narrow necks along the [h,h,0] directions towards the corners of the
BZ at (5/4, 5/4, 0) type positions. These positions are precisely where the scattering
is found to peak in the single crystal data for YMn,. The match is not perfect: when
plotted over several Brillouin zones the S(q) data has the appearance of a pattern of “bow-
tie” shapes (Figure 7, right), whereas the “kidney” shapes of the YMn, data contours
(Figure 7, left) are elongated along the BZ boundaries. It would appear then that the
distinctive wavevectors associated with the spin fluctuations in YMn, are characteristic
of the frustrated correlations on the pyrochlore lattice. Canals and Lacroix (1998) have
recently shown, using exact diagonalisation of clusters, that the peaks in the neutron cross
section at (5/4, 5/4, 0) type positions are also found in the ground state for quantum
spins S = 1/2 on the pyrochlore lattice.

6.3 Effects of alloying on the spin dynamics of YMn;

The inelastic neutron spectra from the single crystal samples of Y.975¢0.03Mn2 and YMn,
(Rainford et al. 1992) are well described by a Lorentzian lineshape (19), though there is not
much published information so far about the form of I'(g) or its temperature dependence,
except that the linewidth varies slowly with wavevector. We have attempted to extract
further information about I' from the time-of-flight data on polycrystalline samples by
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Figure 7. Left: contours of scattering from spin fluctuations in Y(Sc)Mny in (1,-1,0)
plane of the BZ, after (Ballou et al. 1996). (right): Contours of S(q) in the (1,-1 ,0)
plane of the BZ for the pyrochlore lattice with nearest neighbour exchange, after (Zinkin
and Harris 1995). In both plots the BZ boundaries are overlaid. The [001] direction is
horizontal and the [110] direction is vertical.

fitting the constant K cuts through the data to a powder average of (19). In order to do
this we assumed the form for I'(g) given in (23) and further assumed the form for X(q)
given by the small ¢ expansion:

Xk?
(+ )
Together these give an analytic form for the powder average lineshape function, which
can be fitted to the constant K cuts. The results for the linewidth I'(0) derived from the
fits are shown in Figure 8 (Rainford et al. 1995). The filled symbols are derived from the
neutron data on YMn, (squares), and the alloys with 4%Fe (diamonds), 3%Al (inverted
triangles) and 10% Al (triangles) substitution for Mn, and 3%Sc (circles) substitution
for Y. It is clear that the expansion of the unit cell volume by Al substitution decreases
the linewidth, while the contraction of the unit cell in Y(Sc)Mn, and Y(MnFe), increases
the linewidth.

X(q) = (26)

#SR measurements also give direct information about the spin dynamics. In studies of
YMn; and YMn; g4Feq o5 (Cywinski et al. 1990, 1991) the muon relaxation rate increases
as the temperature is lowered, diverging close to Ty in the case of YMn, and following a
power law dependence for the 3% Fe alloy, where the magnetic order has been suppressed.
This is evidence for slowing down of the spin fluctuations. From (20)and (21) above the

muon relaxation rate is CheT X(g)
q
A= 287 29 27)
N 2Ty (
where again we have ignored the ¢ dependence of the D(q) factor. In practice we do
not have detailed information about X(¢) or I'(g), but it would appear from the inelastic
neutron data on single crystals that the wavevector dependence of the linewidth [C(q) is

rather weak. In this case we may rewrite (27) as

GksTXy,

A==, (28)
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Figure 8. Linewidth parameter for YMny alloys from fits to inelastic neutron spectra
(solid symbols) and from scaled uSR data using Equation (28) (open symbols) (Rainford
et al. 1995).

where X, the local susceptibility, is defined by:

XL = %;X(q)

This may be derived from X(K) as described in Rainford et al. (1992). We have shown,
using this approach, that the systematics of A(T') for YMn, and the alloys with Fe sub-
stitution agree very well with the neutron linewidths, once a scale parameter (i.e. the
coupling constant G) can be determined (Rainford et al. 1995). The open symbols in Fig-
ure 8 are estimates of the linewidth I, derived from the measured pSR relaxation rates
X using (28) for YMn, (open squares) and for an alloy with 3%Fe substitution for Mn
(open triangles). The temperature dependence of Xy, the local susceptibility was taken
to be Curie-Weiss like, as determined by the neutron measurements (Rainford et al. 1992,
Dakin 1993), and a single value of the coupling parameter G was used to scale these data
to the linewidths derived from the neutron measurements (filled circles). From SCR the-
ory (23) we would expect I'(0) to vary as y&? &~ ¢yX !, and this should scale as (T'— Ty ).
This is consistent with the approximately linear behaviour shown in Figure 8. In the case
of YMn; gAlg, (Cywinski and Rainford 1994) the character of the muon relaxation was
rather different, in that the relaxation function was fitted best by a stretched exponential
form (Figure 9a):

G (t) = ag exp [~ (A\t)’] (29)

The exponent  was found to be temperature dependent, tending towards the value 1/3
just above the spin glass temperatureT. This form has been found in a large number
of concentrated spin glass systems, and in this context provides additional confirmation
that substitution of Mn by Al tends to stabilise local moments on the Mn. We were
able to apply (28) to these data also: the temperature dependence I'(T") was found by
Motoya et al. (Freltoft et al. 1988 and Motoya et al. 1988) to follow an Arrenhius law:
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Figure 9. Temperature variation of (a) the ezponent of the stretched ezponential (29)
and (b) the relazation rate Afor Y(Mno9Aly, ). The dashed curve in (b) is a fit to a power
law behaviour for A(T) with exponent 0.9, while the solid line is the form given by (28)
with T(T') given by an Arrenhius law and X1 (T) = C/(T + ©) (see text) (Cywinski and
Rainford 1994).

I(T) = Ty exp(—E,/kpT) with E, /kp = 278.4K, while our time-of-flight data showed that
the local susceptibility X;, followed a Curie-Weiss law X; = C/(T + ©) with © = 93K.
Putting these results into (28) gave a form for A(T') that agreed remarkably well with the
experiment (Figure 9b).

7 [(B-Mn and #-Mn-Al alloys

B-Mn is the only stable allotrope of elemental manganese that does not display a magnetic
moment at any temperature. Previous work by Shiga’s group has shown convincingly that
the magnetic properties of 5-Mn are characterised by strong spin fluctuations associated
with Mn moments on the verge of localisation (Nakamura et al. 1997). The cubic A13
type crystal structure has 20 atoms in the unit cell, with two inequivalent sites. Eight
Mn occupy the site with trigonal point symmetry (site I), while the remaining 12 Mn
occupy the orthorhombic site II. It appears from NMR and NQR data that the Mn on
site I are very weakly magnetic. But the large nuclear spin relaxation rate and high
resonance frequency for the site II Mn are consistent with a strong hyperfine field at the
nucleus arising from coupling with strong, slow spin fluctuations (Nakamura et al. 1997).
The similarity with Y(Sc)Mn, alloys suggests that geometrical frustration also plays an
important role. Nakamura et al. (1997) have accounted for the frustration through a
description of the type II sites as a network of corner-sharing regular triangles, with
similarities to the Kagome lattice.

Inelastic neutron scattering measurements on -Mn and 3-MnggAly; have been made
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by Nakamura et al. (1997) using polarisation analysis. Recent data taken using the
time-of-flight method (Stewart 1998, Stewart et al. 1999) have provided complementary
information for pure 5-Mn and for a -MnggAlps alloy. In S-Mn the linewidth of the
spectra increases from 20 to 30meV between 7K and 290K; these widths are much larger
than those found in YMns. Figure 10 shows the temperature dependence of X(K)fA(K)
for B-Mn obtained by carrying out energy integration of constant K cuts of the time-of
flight data (Stewart 1998, Stewart et al. 1999).

0.07 T — T T
st » 1
0.06 -

X(QF(Q) (45 ’me V™" Mn atom™)
XQF(Q) (1, me V"' Mn atom™)

I Q@h? L qah?

Figure 10. Integrated response X(K)f*(K) for B-Mn at 15K and 209K (Stewart 1998,
Stewart et al. 1999). The solid lines are guides to the eye.

For wavevectors above 2A~1 most of the K dependence comes from the Mn form factor
f2(K), so that at the lower temperature X(K) has a form rather like a liquid structure
factor. The sharp double peaked structure found in YMn, (Figure 6) is not seen in (3-Mn,
indicating a shorter correlation length of the spin fluctuations. However, as in YMns, the
AF correlations in 3-Mn persist to high temperatures.

For the 10% Al alloy the linewidth is very much smaller, of order 10meV at 290K, and
decreases linearly with temperature. The time of flight data for the 20% Al alloy shows
that there are two components in the response at low temperature, a narrow quasi-elastic
line (with resolution limited width) and a broad response with a width of order 14meV.
The broad component was not seen in the PA data for the 10% alloy (Nakamura et al.
1997), presumably because these data were collected with a low incident neutron energy.

The evolution of the spin dynamics in f-Mn;_zAl, alloys has been studied in zero
field longitudinal gSR measurements (Stewart et al. 1998, Stewart and Cywinski 1999).
For alloys with 0 < z < 0.09 the form of the relaxation function of the muon polarisation
could be described by:

G, (t) = apGET (t) exp(—At), (30)

where GET(t), the static Kubo-Toyabe (KT) function, accounts for the muon depolari-
sation due to a distribution of static nuclear dipolar fields. The second term arises from
the rapidly fluctuating atomic spins. The KT component was found to be independent
of temperature. For pure 3-Mn the depolarisation due to the atomic spins was found to
be independent of temperature also, with a value of A = 0.02s'. This is consistent with
rapid motional narrowing due to the large, weakly temperature dependent linewidth of
the spin fluctuation spectrum of 5-Mn. As Al is substituted into 8-Mn, A develops strong
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temperature dependence, diverging towards low temperature (Figure 11b). This too is
consistent with the neutron studies where the inelastic linewidth is seen to decrease as
the temperature is lowered in the Al-substituted S-Mn. The initial asymmetry begins to
falls below 60K, finally reaching 1/3 of its high temperature value (Figure 11a). This be-
haviour indicates quasi-static correlations in the low temperature regime. The transition
temperatures determined from the divergence of A and the loss of asymmetry are shown
in the magnetic phase diagram, Figure 13.

@

<)

Initial Asymmetry - a; (normalised)

B-Mng 5;Al, 5
B-Mn 5,Al, o
B-Mny g,Al 4
B-Mng 5 Al g

40 50
Temperature (K)

Figure 11. (a) Initial asymmetry ag and (b) relazation rate \ versus temperature for
B-Mny_, Al alloys (Stewart et al. 1998, Stewart and Cywinski 1999) with concentrations
z = 0.08, 0.06, 0.08, 0.09.

For Al concentrations above z = 0.09 the form of the muon relaxation function changes
from the GXT(t) exp(—\t) form to the stretched exponential form GX7T(t)exp[—(\t)?].
The value of  decreases slowly, from 1 at high temperatures to approximately 0.3 at the
transition temperature (Figure 12) (Stewart et al. 1998, Stewart and Cywinski 1999). As
mentioned in Section 6.3, such a response is characteristic of the dynamics in concentrated
spin glass systems, and reflects a broadening of the distribution of spin relaxation rates as
the spin glass transition T is approached. In the concentration regime 0.09 < z < 0.20
the relaxation rate A diverges as the temperature is decreased towards T (Figure 12).
The spin glass transition can also be seen as a sharp drop in the asymmetry at T;. The
magnetic phase diagram (Figure 13) (Stewart et al. 1998, Stewart and Cywinski 1999)
shows that the spin glass transition temperatures rise rapidly for concentrations above
z = 0.09. This feature, taken together with the change in form of the relaxation function,
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suggests the character of the magnetic ground state changes near 9%Al substitution. The
picture emerges that in the low concentration regime (0 < x < 0.09), the ground state is
a spin liquid, dominated by the zero point spin fluctuations, while above z = 0.09 a spin
glass state appears, in which the Mn moments are well localised, but still topologically
frustrated.

L (a)

Initial Asymmetry - a, (normalised)

B-Mn Al 15
B-Mng Aly, |
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Temperature (K)

Figure 12. Temperature dependence of (a) the initial asymmetry, (b) the relazation rate
\, and (c) the stretch exponent f3 for B-Mny_o Al, alloys with x =0.10, 0.15 and 0.20
(Stewart et al. 1998, Stewart and Cywinski 1999).
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Figure 13. The magnetic phase diagram for B-Mny_,Al, alloys (Stewart et al. 1998,
Stewart and Cywinski 1999). The vertical line separates the spin liquid regime v < 9%
from the spin glass regime z > 99%.

8 Conclusions

The SCR theory of spin fluctuations appears to give a full account of the both the static
and dynamical properties of weak ferromagnets and exchange enhanced para-magnets.
With the exception of the detailed uSR work on MnSi [Hayano et al. 1978, Kadono
et al. 1990, 1993), so far the investigation of the spin dynamics of weak ferromagnets has
depended almost entirely on inelastic neutron scattering measurements. It would appear
that there is room for further uSR studies in this area, given that uSR data are collected
and analysed much more readily than neutron data, and that the muon is sampling a
distinct frequency domain from the neutron.

In the cases of YMn, and #-Mn alloys there is another dimension to the problem
arising from the topological frustration of antiferromagnetically coupled Mn atoms on
lattices of corner sharing tetrahedra or triangles. Knowledge of the dynamical response
in these materials is crucial for the understanding of the bulk magnetic properties, for
example Pinette and Lacroix (1994) have argued that the form of X(q,w) in Y(Sc)Mn,
leads directly to an explanation of the heavy fermion behaviour found in these alloys. The
complementarity of SR and neutron techniques is well demonstrated by work reported
in Sections 6 and 7. Once the scaling between the muon relaxation rate A, the neutron
linewidth I" and the local susceptibility X, has been established, the uSR technique allows
the systematics of the spin dynamicsto be explored as a function of temperature and alloy
composition.
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It is still unclear what effect frustration has on the form of the spin dynamics in itin-
erant magnets. We have argued here that the temperature dependence of the linewidth
data in Figure 8 is consistent with SCR theory, which takes no specific account of frustra-
tion. However it is well established that for Jocalised spins in frustrating topologies the
dynamics are usually dominated by over-damped zero frequency modes. Recent work by
Moessner and Chalker (1998) for localised classical spins on the pyrochlore lattice predicts
a spin autocorrelation function with an exponential decay in time and a relaxation time
that varies as T!. Fromi (20) this would give a muon relaxation rate A which diverged as
T-!. In the spin liquid phase of B-Mn;_;Al; alloys (0.03 < z < 0.08) it is found (Stewart
et al. 1998, Stewart and Cywinski 1999) that ANT) = (T /T — 1) with values of ¢ in the
range 1.1 to 1.3, while in YMn; g4Fegos (Cywinski et al. 1990) A(T) follows a power law
with exponent 0.75. Further theoretical insight is needed into the treatment of frustration
in the context of itinerant electron magnetism.
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