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Abstract. Zero- and longitudinal-field muon spin relaxation techniques have been used to
study spin fluctuations in YMn2D and YMn2D2 compounds in the temperature range 10–300 K.
The temperature dependence of the asymmetry parameter indicates a first-order transition to
ferrimagnetism atTc = 220 K and 260 K for YMn2D1 and YMn2D2, respectively. In contrast the
depolarization rateλ(T ) exhibits a critical divergence, characteristic of a continuous transition,
asTc is approached from above. These features are consistent with those observed for the parent
compound YMn2 and indicate that the character of the spin fluctuations in the paramagnetic state
changes little with deuterium loading, despite marked modifications to the low-temperature,
magnetically ordered state.λ(T ) provides evidence of significant spin fluctuations belowTc,
while slight deviations from predicted behaviour indicate further structural or magnetic transitions
in the ordered state.

1. Introduction

The interaction of hydrogen with materials is a subject of considerable scientific and
technological interest. Rare-earth (R)–3d transition-metal (T) intermetallic compounds are
often used as model systems in which this interaction can be investigated [1]; they readily
absorb hydrogen, leading to substantial modifications of their physical properties. In the
case of the RT2 Laves phase compounds with T= Mn, these modifications have proved
both dramatic and intriguing [2]. In the parent RMn2 compounds the Mn moment is
hypersensitive to the cell volume; hydrogen incorporation at interstitial sites can therefore
induce changes in the degree of localization and magnitude of the Mn moment, the orbital
contribution to the moment, the hyperfine parameters and also the ground-state magnetic
structure.

For example, the C15 Laves compound YMn2 is an itinerant-electron spin-fluctuating
paramagnet at high temperatures [3]. On cooling below 100 K the compound exhibits
a first-order transition to an antiferromagnetic helix with approximately 3µB localized at
each Mn site. The onset of magnetic order is accompanied by a structural transition,
characterized by a discontinuous 5% increase in the cell volume. Recently, heavy-fermion
features were also reported for this intermetallic compound [4]. Hydrogenation of YMn2

produces single-phase hydrides YMn2Hx for 1 < x < 3.5 with the hydrogen atoms
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occupying preferentially a tetrahedral site surrounded by two yttrium and two manganese
sites. These hydrides maintain the cubic C15 structure down to liquid-helium temperature,
while exhibiting a continuous increase in the lattice parameter with increasing hydrogen
content [5, 6]. However, hydrogen absorption leads to a ferrimagnetic, rather than an
antiferromagnetic, ground state in which both the Curie temperature and the Mn moment
increase with increasing hydrogen content up to 3 H mol−1 [7].

Muon spin rotation and relaxation (µSR) have been instrumental in establishing the role
of spin fluctuations in defining the magnetic and structural properties of YMn2 [8, 9]. We
have now used zero- and longitudinal-fieldµSR techniques to elucidate the spin dynamics
and magnetic order in the related deuterides YMn2D1 and YMn2D2.

2. Experimental details

The samples studied in theseµSR measurements were prepared as deuterides rather than
hydrides in order to facilitate complementary neutron diffraction experiments on the same
material.

Initially, the YMn2 parent compound was fabricated from high-purity materials in a
standard induction furnace. This compound was then deuterated in a constant-volume
apparatus, the amount of absorbed deuterium being determined by the change in deuterium
gas pressure. X-ray diffraction showed the resulting YMn2D and YMn2D2 powders to
be single phase with the C15 structure.µSR samples were prepared as discs of 25 mm
diameter and 2 mm thick by packing the YMn2Dx powder, under a controlled atmosphere,
into aluminium sample holders and finally sealing in kapton.

The +µSR experiments were performed on the MuSR instrument [10, 11] at the ISIS
facility at the Rutherford Appleton Laboratory. The pulsed muon beam at ISIS has a
repetition rate of 50 Hz and a pulse width of 70 ns. Measurements were made in longitudinal
geometry in which the longitudinal relaxation functionGz(t) is obtained by monitoring the
time dependence of the muon decay asymmetry using detector arrays in the forward (F) and
backward (B) directions. ExplicitlyGz(t) is determined from the F and B positron count
ratesNF/B(t) using the expression

NF (t) − αNB(t)

NF (t) + αNB(t)
= a0Gz(t). (1)

a0 is the initial asymmetry, typically taking the value of 0.25 on MuSR. The calibration
constantα corrects for the relative efficiencies of the F and B detector arrays. Bothα

and the zero-time offsett0 are determined from the muon precession signal observed when
applying a 2 mTtransverse field to the samples. Measurements ofGz(t) were made with
the samples in zero field and in longitudinal applied fields of up to 200 mT.

The YMn2Dx samples were mounted on the cold finger of a closed-cycle refrigerator
(CCR), thus permitting temperature scans over the range 15 K< T < 340 K. The sample
holder was masked from the muon beam by a silver plate with a 25 mm aperture. The muon
mobility in silver results in extreme motional narrowing of the muon relaxation, and hence
the background signal resulting from muons stopping in the silver plate is independent of
time t . In the present experiment the backgroundb, resulting from muons stopping outside
the area of the sample contributed approximately 0.03 to the total observed asymmetry of
0.25.
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3. Results and discussion

All the relaxation spectra observed from both samples at all temperatures were described
by the functional form

a0Gz(t) = a1 exp(−λt) + b. (2)

A very fast depolarization in theµSR signal is clearly seen on a short time scale. This
component, which extends over a first few time channels (i.e. approximately the first 50 ns)
of the spectra, is an artefact of thet0 calibration and spectrum normalization procedures. It
is therefore excluded from all subsequent data analysis.

Such exponential relaxation implies the presence of rapidly fluctuating magnetic fields
at the muon site. The muon depolarization rateλ in this case is related to the relaxation
time τc of the fields via the relationλ = 2γ 2

m〈B2〉τc [12], whereγm is the gyromagnetic
ratio of the muon. In fitting the exponential relaxation function to the spectra, the initial
asymmetrya1 and the depolarization rateλ were free parameters. Typical data, together with
the associated fits, are shown in figure 1 for the YMn2D1 sample at 220 K and 300 K. The
temperature dependences of the asymmetry parameter are shown in figures 2(a) and 3(a)
for the YMn2D1 and YMn2D2 samples, respectively, while the temperature dependences of
λ are shown in figures 4(a) and 5(a).

Figure 1. Typical µSR spectra at 220 K (lower curve) and 300 K (upper curve), i.e. atTc and
aboveTc for YMn2D1. The solid curves represent least-squares fits of equation (2) to the data.

Considering first the behaviour of the initial asymmetry, it can be seen that for both
samples a rapid decrease ina1 is apparent close to the transition temperaturesTc = 220 K
for YMn2D1 andTc = 260 K for YMn2D2, observed in magnetization measurements [13]
on the respective compounds (figures 2 and 3). This decrease ina1 can be understood
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Figure 2. The temperature dependences of (a) the asymmetry parametera1 and (b) the
magnetizationM(T ) (after [13]) for YMn2D1 (a.u., arbitrary units).

in terms of a transition to a magnetically ordered state in which the internal field at the
muon site is relatively large; for a polycrystalline, magnetically ordered system, the muon
relaxation function is given by

G(t) = 1
3G−(t) + 2

3G⊥(t) cos(ωµt). (3)

The oscillatory term represents muon precession in the presence of internal fields which
are orthogonal to the initial muon polarization, whileG⊥(t) describes the dephasing of this
coherent precession arising from dynamic and static fluctuations of the internal fields. As
the time structure of the incident muon pulse at ISIS precludes observation of any oscillatory
component in fields much greater than 0.06 T, the exponential relaxation spectra observed
below the magnetic transition are therefore associated solely withG−(t). This term results
from a purely dynamic depolarization of those muon spins which are initially oriented
parallel to the local internal field. At the magnetic transition the initial asymmetry of the
observed spectra should thus fall to a third of that of the asymmetry in the paramagnetic
state. The value ofa1 observed for both the YMn2D1 and the YMn2D2 samples at low
temperatures is approximately 0.05. This is a little lower than expected from the value in
the paramagnetic state (a1 = 0.22) and may reflect some preferred orientation within the
powder samples.
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Figure 3. The temperature dependences of (a) the asymmetry parametera1 and (b) the
magnetizationM(T ) (after [13]) for YMn2D2.

The temperature dependence of the exponential damping rateλ is presented in
figures 4(a) and 5(a) for the YMn2D1 and YMn2D2 samples, respectively. For both samples
a rapid divergence inλ is observed as the temperature decreases to the critical pointTc.
The decrease inλ as the temperature falls belowTc is far less rapid, extending over 100 K.
This indicates the presence of significant dynamic depolarization processes, possibly spin
waves or residual spin fluctuations, well into the ordered state. It should be noted that
the values ofλ measured close toTc (5 µs−1 and 20µs−1 for the YMn2D1 and YMn2D2

samples, respectively) are at the very limits of the resolution of the MuSR spectrometer
and must therefore be treated with some caution. Nevertheless, the transition temperatures
obtained from the divergence ofλ is in full accord with those obtained from the temperature
dependence ofa1. The divergence ofλ also corresponds closely to the temperatures at which
anomalies are observed in the thermal expansion of the respective compounds, as can be
seen in figures 4(b) and 5(b) where the temperature dependences of the lattice parameters
of YMn2D1 and YMn2D2 are shown.

Longitudinal fieldµSR spectra were also recorded in fields of up to 200 mT for both
the YMn2D1 and the YMn2D2 samples in the paramagnetic phase, aboveTc. It was found
that the muon depolarization remained exponential in form, although the damping rateλ
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Figure 4. (a) The temperature dependence of the depolarization rateλ(T ) for YMn2D1. The
solid line represents a fit toλ(T ) = β0T

3 with β0 = 0.0214 (±0.0012). The broken line
represents a fit to equation (7). The resulting parameters are listed in table 1. (b) The thermal
expansion of YMn2D1 from [5].

proved sensitive to the magnitude of the external longitudinal field. A typical response for
the YMn2D2 sample at 280 K is shown in figure 6.λ decreases rapidly as the field increases
to 5 mT but remains approximately constant as the field increases further. In an applied
field, λ retains its characteristic divergence towardsTc, as can be seen in figure 7 where
λ(T ) is shown for YMn2D2 in a longitudinal field of 10 mT.



µSR inYMn2Dx 4609

Figure 5. (a) The temperature dependence of the depolarization rateλ(T ) for YMn2D2. The
solid line represents a fit toλ(T ) = β0T

3 with β0 = 0.0096 (±0.011). The broken line
represents a fit to equation (7). The resulting parameters are listed in table 1. (b) The thermal
expansion of YMn2D2 from [6].

4. Discussion

The transition to the magnetically ordered state of the parent compound YMn2 is of first
order [3, 7]. The temperature variation is theµSR asymmetry terma1 and the magnetization
of the YMn2 deuterides indicate that the transition to the magnetically ordered state
remains discontinuous upon incorporation of deuterium into the lattice. This is illustrated
graphically in figure 8, where the temperature dependence of the asymmetrya1 is modelled
assuming contributions from two coexisting phases, one magnetically ordered and the other
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Figure 6. The variation inλ (T = 280 K) with applied longitudinal field for YMn2D2.

Figure 7. The temperature dependence ofλ(T ) for YMn2D2 measured in an applied longitudinal
field of 10 mT.

paramagnetic. The magnetically ordered state dominates at low temperatures and provides
a term associated with the longitudinal dynamic depolarization termG−(t) of equation (3),
i.e.

am = a1p{M(T ′)/M(0)}/3 (4)

whereM(T ′)/M(0) is the normalized magnetization which represents the volume fraction
of the magnetically ordered part of the sample.a1p is the asymmetry parameter in the
paramagnetic state well aboveTc. At high temperatures the paramagnetic state dominates
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and contributes

ap = a1p[1 − {M(T ′)/M(0)}] (5)

to the total asymmetry. Thus, at any temperatureT ,

a1(T ) = am + ap = a1p[1 − 2{M(T ′)/M(0)}/3]. (6)

Note that, in the above expressions,T ′ = T + 1T is an adjusted temperature, where
1T for the slight shift inTc between the value measured byµSR and that determined
by magnetization measurements. A1T of approximately 10 K is extracted from a least-
squares fit of equation (6) to the asymmetry data; this discrepancy may arise from hysteresis
associated with the discontinuous character of the transition. It can be seen in figure 8 that
the two-state model adequately describesa1(T ) for both the YMn2D1 and the YMn2D2

samples.
The variation inλ with temperature provides direct information on the spin dynamics in

YMn2D1 and YMn2D2. λ(T ) can be analysed within the theoretical framework established
by Loveseyet al [14, 15], by considering three temperature regimes.

(i) T < Tc/2: In this low-temperature regime, the principal processes arise from the
fluctuation of dipolar or hyperfine fields, and the excitation of spin waves. For dipolar
field fluctuations and spin waves,λ is expected to vary asT 3, whereas aT 5/2 dependence
is predicted for hyperfine field fluctuations. Within experimental uncertainties we cannot
distinguish between these two possibilities. However, assuming thatλ(T ) = β0T

3, we find
thatβ0 = 0.0214 and 0.0096µs−1 K−3 for YMn2D1 and YMn2D2, respectively. The larger
β0 observed for the YMn2D sample is consistent with the smaller ferromagnetic component
and the lower ordering temperature of this compound, both of which are expected to result
in a enhanced field and spin fluctuations.

(ii) Tc/2 < T < Tc: Within this temperature range it is expected thatλ(T ) varies
as T 2, independent of the details of the source of relaxation. The experimental points
approximately follow this functional form. However, we note that for both YMn2D1 and
the YMn2D2 there is a characteristic anomaly belowTc. This anomaly may be related to
the details of the thermal expansion curves, shown in figures 4(b) and 5(b). Details of the
low-temperature magnetic structures of the YMn2D1 and YMn2D2 compounds, and their
variation with temperature, have yet to be established. It is therefore not possible at present
to distinguish whether the observed anomalies inλ(T ) are related simply to a structural
transition or to the presence of a correlated structural and magnetic transition.

(iii) T > Tc: Despite the discontinuous nature of the magnetic transition atTc, an
extended critical divergence ofλ(T ) characteristic of a continuous transition is observed in
the paramagnetic regime. As in the case of the parent compound YMn2 [8], the temperature
dependence ofλ may be expressed in terms of the critical form

λ(T ) = λ0[(T − Tc)/Tc]−γ (7)

from which the parameters shown in table 1 have been extracted for the YMn2D1 and
YMn2D2 compounds. A shift1T = 10 K in the transition temperature from that determined
by magnetization measurements but consistent with that observed from the transition ina1

is noted. Also shown in table 1 are the parameters obtained from a similar critical scaling
analysis of theµSR measurements on YMn2 [8]. It is also worth noting that the coefficient
γ does not change in the field of 10 mT for the sample withD = 2 [16].

According to the theoretical description by Loveseyet al [14, 15], in general the critical
behaviour of the muon depolarization in the paramagnetic phase arises predominantly from
temporal fluctuations of the hyperfine fields. In YMn2 itself the divergence ofλ(T ) at TN
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Figure 8. A fit of the two-magnetic-state model of equation (6) to the temperature variation
of the total asymmetrya1 for (a) YMn2D and (b) YMn2D2. (a) The resulting parameters are
a1p = 0.223 (±0.12) andM(0) = 0.102 (±0.034). (b) The resulting parameters area1p = 0.218
(±0.09) andM(0) = 0.095 (±0.029).

has been discussed in terms of a critical slowing down of longitudinal (amplitude) spin
fluctuations associated with the approach to localization of the itinerant Mn moments. The
critical scaling ofλ(T ) for the deuterides studied here suggest a characteristic depolarization
rateλ0 of 0.03 µs−1, remarkably close to that of YMn2 itself [8]. This value is relatively
small and indicates that the associated spin fluctuations are rapid. It is particularly interesting
that the magnitude ofλ0 is apparently independent of deuterium concentration, remaining
constant for the YMn2, YMn2D1 and YMn2D2 compounds, thereby implying that the
character of the spin fluctations is unchanged by deuterium loading. However, thermal
expansion measurements prove that hydrogen (deuterium) suppresses spin fluctuations.
Moriya’s [17] self-consistent renormalization theory of spin fluctuations in itinerant magnets
relates the coefficient of thermal expansion to the amplitude of the longitudinal spin
fluctuations; the thermal expansion coefficients are found to be closely similar for the
YMn2D1 and YMn2D2 compounds, but smaller than for YMn2 [5, 6]. This discrepancy
presumably arises becauseλ0 is estimated at the temperature range close to the ordering
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Figure 8. (Continued.)

temperature, whereas the thermal expansion coefficient is taken for temperatures well in the
paramagnetic state.

Table 1. Parameters extracted from the critical scaling analysis of the muon depolarization rate
λ(T ), according to equation (7) for YMn2Dx compounds withx = 1 andy = 2. The parameters
for x = 0 are taken from [8].

x in λ0 Tc

YMn2Dx (µs−1) (K) γ

0 0.033 92.5–113 0.35
1 0.0307(8) 219.2(4) 0.64(1)
2 0.0318(9) 258.6(1) 0.87(1)

In contrast with λ0, the critical exponentγ changes markedly with deuterium
concentration, rising from 0.3 for YMn2 and reaching 0.87 for YMn2D2. Theoretically,
the critical exponent itself cannot be related directly to details of the spin fluctuation spectra
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or to the fluctution mechanisms.
The variation inγ with concentration is not understood. The critical scaling analysis

of equation (7) should be considered in a more general context [15]. In reality,λ may be
expressed as the sum over the Brillouin zone:∑

q

χ(q)

0(q)
(8)

whereχ(q) is the wavevector-dependent susceptibility and0(q) is a q-dependent width
of the spin-fluctuation excitation spectrum. Both these quantities may be assumed to
be extremely sensitive to deuterium concentration, which causes a related increase in
interatomic distances and changes in magnetic interaction between Mn moments. Significant
changes in the temperature dependence ofχ(q) and 0(q) will hence be reflected in
the temperature dependence ofλ. A clarification of this problem must therefore await
complementary inelastic neutron scattering measurements.

We also suggest that the marked suppression of the muon depolarization rate at modest
fields (less than 5 mT) observed in these measurements on paramagnetic YMn2D1 and
YMn2D2 is not attributable to the decoupling of the muon spin from nuclear moments, as is
generally assumed, but instead is related to the effective longitudinal alignment of magnetic
clusters aboveTc.

5. Conclusions

In conclusion, ourµSR measurements have enabled us to characterize the spin dynamics
of YMn2D1 and YMn2D2 in both the paramagnetic and the magnetically ordered states.
It appears that the longitudinal spin fluctuations which dominate the paramagnetic state
of the parent compound YMn2 persist, essentially unchanged in character, to relatively
high deuterium concentrations. A critical divergence of the muon depolarization rateλ(T )

associated with the spin fluctuations is observed, while the temperature variation in the
asymmetry parametera1 indicates a discontinuous transition to long-range magnetic order.
Again, both these features are similar to those observed inµSR studies of the parent
component, thereby emphasizing the intrinsic similarities in the nature of the magnetic
transition of YMn2 and its deuterides, despite the marked changes to the magnetically
ordered state resulting from deuterium incorporation.

Relatively little detailed information can be extracted from theµSR measurements on
YMn2D1 and YMn2D2 belowTc, largly because of resolution limitations of the pulsed muon
technique employed in this study. However, our measurements do provide an indication that
considerable dynamic depolarization processes are present to temperatures well belowTc.
The temperature dependence of the depolarization rateλ(T ) associated with these processes
is in broad agreement with theoretical predictions. However, anomalies are also observed
in λ(T ) at temperatures close to anomalies in the thermal expansion. The origin and nature
of these anomalies await characterization by neutron diffraction.
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