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Inelastic neutron scattering has been used to study the spin dynamics of LiTh,Y;.,Fy,
an induced-moment ferromagnet in which the lowest crystal-field levels of the Th% jons
are two singlets. For p=0.38, magnetic excitons are observed which obey the dis-
persion relation given by mean-field theory. In addition, there is a resolution-limited
peak at zero energy transfer which is not accounted for within conventional mean-field
theory. For p = 0.97, this central peak is also observed, but no magnetic excitons are

seen.

PACS numbers: 75.10.-b, 75.50.Cc

One of the most important results of renormali-
zation-group theory is that the critical behavior
of pure uniaxial dipolar-coupled ferromagnets
should obey mean-field theory with logarithmic
corrections.! This was confirmed experimentally
in studies of LiTbF,.>® More recently, there
has been renewed interest in the behavior of di-
lute Ising dipolar-coupled systems, partly be-
cause of a conjectured spin-glass phase in the
low-concentration limit.* (In a dipolar-coupled
system, the percolation ideas® used to describe
short-range—coupled systems are not applicable.)
With this in mind, two groups® have performed
studies of LiTb,Y;-,F,, in which Y acts as a ran-
dom nonmagnetic dilutant in the magnetic Tb lat-
tice. Unfortunately, a simple Ising description
cannot be applied to LiTb,Y,.,F,. Firstly, the
“Ising doublet” in this compound is actually a
pair of nonmagnetic states split by 1.34 K,” so
that magnetic moments must be induced by the
interactions; the Hamiltonian is effectively an
Ising Hamiltonian in a transverse field. Secondly,
the hyperfine interactions are not negligible for
small p. In this Letter, we present the results
of a neutron scattering study of the dynamics of
LiTb,Y,., F,. We will show that although this
compound is unsuitable for studying the critical
properties of a simple Ising system, it is an un-
precedentedly clean example of a singlet-singlet
magnet.

Recall that the Hamiltonian for the Ising model
in a transverse field (or equivalently, the singlet-
singlet ground-state system) is

3C=—AZ)S;-"—22/<aj5e25jz, (1)
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where A corresponds to the splitting between the
two singlets.? The ferromagnetic transition tem-
perature T for this model is given within mean-
field theory by the formula

coth(A/2kT ) =k (0)/A =1, 2)

where #(Q) =2 ; k;,; expiQ- (f; - T;) is the Fourier
transform of the interaction «;; between spins.
If we ignore the effects of randomness, %(0) for a
dilute system scales linearly with the concentra-
tion p of magnetic ions, so that n(p)=pn(1). Con-
sequently, to determine 7', as a function of p, it
is sufficient to know 7.(p =1) and A. Using the
values A=1.34 K, obtained for LiTb,.q, Y,.5F,
from ESR measurements,” and T, =2.86 K for
pure LiTbF,,®> we obtain the solid curve shown in
Fig. 1. The data points in the same figure repre-
sent the values of 7', given by susceptibility meas-
urements. For p exceeding the threshold p,=0.21,
these data are in good agreement with the curve
derived from simple mean-field theory. However,
ferromagnetism is still observed for p <p.. This
can be attributed to the large hyperfine interac-
tion of the Th®" ion.”"® Here, we will not consider
this point further; work in this area is in pro-
gress and will be discussed elsewhere.'°

Apart from predicting the dependence of 7', on
A and %(0), mean-field theory gives the excita-
tion spectrum for the Hamiltonian (1).®. For T
>T., the magnetic excitons obey a dispersion
relation

E@Q=A1-1"y3)2, 3)

where y3 =k (Q)/%(0) and 1’ =7 tanh(a /2T). On
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7n(p)=coth 2_kAT: = pn(l)

p=0.38
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FIG. 1. Magnetic phase diagram of LiTh,Y_,F,.
Data (filled circles) are taken from Ref. 6.

the other hand, for T'<T,,
E@ =07 =732 @)

Note that the excitation spectrum has a gap for
T#T,., while at T =7, 7’ =1 and the system under-
goes a soft-mode transition with E(Q) ~| Q| for
small é

Our neutron-scattering experiments were car-
ried out at the cold source of the Brookhaven Na-
tional Laboratory high-flux beam reactor. We
performed inelastic scans by varying the inci-
dent neutron energy while keeping the final ener-
gy fixed at E; =3.5 meV. Single crystals of
LiTb,Y,-, F, with » =0.38+0.02 and 0.97+0.02
were mounted in pumped *He or pumped *He cryo-
stats so that the (010) zone coincided with the
scattering plane. The data to be described below
were all collected for momentum transfers _Q
=(®,0,0), where @ is expressed in units of a*
=27/a and a =5.20 A is the in-plane (perpendicu-~
lar to the Ising spin axis) lattice constant.

Figure 2 shows constant @, =(0.64,0,0) inelas-
tic spectra obtained at the same temperature for |
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FIG. 2. Constant-Q energy scans for p = 0.38 and
0.97 in paramagnetic phase. Solid and dashed lines
represent theoretical line shapes fitted to the data

(see text).

the two samples in their paramagnetic phases.
We chose this particular value of _Q because

%(Q vanishes at Q~Q,, which means that the
excitonic energy E (Q,) should provide a direct
measure of the splitting A [see Eq. (3)]. Contrary
to naive expectations of a spectrum with substan-
tial intensity at energy transfers +A, there is
negligible true inelastic scattering for the nearly
pure material. This is true not only of the spec-
trum shown, but also of data taken at other mo-
mentum transfers and temperatures, both above
and below T,. The elastic incoherent background
accounts for less that 25% of the peak intensity
in Fig. 2; most of the resolution-limited elastic
scattering observed for p =0.97 is therefore of

magnetic origin.

The results for p =0.38 are qualitively different
from those obtained for p =0.97: Here there are
obvious excitonic sidebands in addition to a quasi-
elastic central peak (see Fig. 2). To analyze our
data, we assume a theoretical cross section sim-
ilar to that used for soft-mode problems connect-

ed with structural phase transitions'*:

the sum

of a Lorentzian central peak and a damped har-

monic oscillator term,

1 ye
Lo €2 4y2(°

(5)
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Expression (5) is convolved with the experimen-
tal resolution function and the parameters Zw,,
I')A,, and A4 are varied to minimize the devia-
tion from the experimental data. The Lorentzian
half-width y is fixed at 0.01 meV, a value signifi-
cantly below the experimental resolution of 0.04
meV (half width at half maximum). For p =0.97,
we find that the Lorentzian term by itself (solid
line in Fig. 2) gives an excellent account of the
data. For p =0.38, our fitting procedure gives an
excitonic energy Aw,=1.5+0.1 K, in reasonable
agreement with the A =1.34 K obtained from ESR,’
and a substantial damping coefficient I'=1.3+ 0.3
K.

Figure 3 shows spectra collected for the p
=0.38 material at a temperature T =0.35 K, well
below its Curie point 7'¢c =0.8 K. Comparison
with Fig. 2 shows that the excitonic contribution
here is sharper than in the paramagnetic phase at
T =4 K. However, there is still a large quasi-

elastic component, which grows considerably as
_Q is reduced. Following the procedure described
above, we have performed fits to the data; the
solid curves in Fig. 3 represent the cross sec-
tion calculated with the final values of the pa-
rameters. The resulting energies Zw, are con-
sistent with the theoretical form (4), evaluated
at T =0 with the dipolar «(Q) given by Holmes,
Als-Nielsen, and Guggenheim,? and 1 =coth(a/
2kT.) (see inset in Fig. 3). As also predicted by
the effective-boson theory,? the amplitude factor
Ay in Eq. (5) is constant to within experimental
error.

Mean-field theory and its generalizations'? sug-
gest that the dynamic structure factor S(_Q, €) for
singlet ground-state systems is dominated by
(possibly overdamped) excitonic peaks centered
at finite energies. This is clearly not what we
see in LiTh,Y,-, F,; for » =0.97 (7 =3.7), excitonic
sidebands are absent, and for p =0.38, they co-
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FIG. 3. Constant-é energy scans for p = 0.38 in ferromagnetic phase. Solid lines represent theoretical line
shapes fitted to the data (see text). Inset compares theoretical dispersion curve for excitons (solid line) and fitted

values of the exciton energies.
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exist with a substantial resolution-limited peak
at £ =0. Similar effects have been seen in other
singlet ground-state systems, but could usually
be attributed to excitations within higher-lying
crystal-field multiplets.®*® Such an explanation
cannot hold for LiTb,Y,-, F,, because the next
crystal-field level beyond the two singlets is at
~ 155 K,'* which is much larger than A, T, or
the temperatures T at which our experiments
were performed. Therefore, it is reasonable to
surmise that the central peak in LiTb,Y,_, F,
arises from long-lived clusters of ferromagneti-
cally aligned spins. Indeed, this is what one ex-
pects as A/k(0) - 0, when the model is a pure Is-
ing Hamiltonian. Correspondingly, as p is in-
creased, we see a crossover between two differ-
ent dynamical regimes. At small p [A >7(0)] the
spin fluctuations are predominantly the excitons
of standard singlet ground-state theory, while at
larger p [%(0)>A] they correspond to ferromag-
netic microdomains which might be particularly
stable in this uniaxial dipolar-coupled material.

The dilute insulating series LiTb,Y,.,F, is a
nearly ideal singlet-singlet system, which means
that it is not ideal for studying the effects of ran-
domness on dipolar-coupled Ising systems. In-
deed, mean-field theory for singlet-singlet mag-
nets adequately describes the dependence of T,
on p, and the excitation spectrum for p =0.38.
However, further work is required to understand
the crossover from a dynamical response dom-
inated by magnetic excitons to one dominated by
long-lived ferromagnetic clusters.
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