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Relaxation-Coupled Order-Parameter Oscillation in a Transverse Ising System
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A novel technique, which employs coX'/X" of the longitudinal susceptibility in place of the shape func-
tion Z "/coZ(0), reveals a coupling of the heavily overdamped soft mode to a relaxation mode in the trans-
verse Ising ferromagnet LiTbF4. Our analysis by exact Mori-Langevin equations suggests that this con-
tribution to the central peak, which becomes temperature dependent only below T„arises from a
dynamical coupling to the transverse polarization.

PACS numbers: 75.40.6b, 75.50.Dd, 76.30.Kg, 77.80.Bh

There, 6/h constitutes the tunneling frequency of the
protons in their double-well potentials, opposing the or-
dering effect of the interaction J;I. For ferromagnets the
transverse field arises from the crystal-field splitting of
the ground-state doublet into two nonmagnetic singlets.

For the limiting cases of a weak or a strong transverse
field d (compared to (JJ) 'I, i.e., the root mean square of
the interaction), one simply finds pure relaxational or os-
cillating behavior of the polarization S„respectively. In
the intermediate regime, 6= (J~)) 'I, the excitations be-
come collective which leads to a softening as predicted
by the early theories for T~ T„

to =(&/h) [I —[J(q)/&l(S, )] ' ', (2)

in accord with light- and neutron-scattering data, e.g. , on
ferroelectric potassium dihydrogen phosphate' and fer-
romagnetic Li(Tb„,Yt „)F4. However, the severe
damping of the oscillation, I q& Nq obscured the true
nature of the order-parameter dynamics, in particular
whether the scattering intensity Z,",/c0 for ca~ 0 [central
peak (CP)] simply results from the overdamped soft
mode mq or includes extra relaxation mechanisms. "

Three-pole approximations of the shape function
F(co) =Z,",/caZ„(0) indicated that the CP represents an
intrinsic property of the TIM, present at all tempera-
tures above T,. More recently, self-consistent solutions
of kinetic equations confirmed this intrinsic three-pole
structure of F(co), the only exception being the order-
parameter mode S, (q~ 0) in the presence of dipolar
contributions to J;~, for which a true soft mode, i.e., a
two-pole shape of F(to), has been predicted. ' Howev-

Despite numerous experimental' and theoretical
studies the collective motion of transverse Ising systems
still poses an open problem. ' This situation also ap-
pears to be unsatisfactory with regard to the formal sim-

plicity of the underlying transverse Ising model (TIM),
which originally was proposed by de Gennes to describe
the order-parameter motion of hydrogen-bonded uniaxial
ferroelectrics:

&TtM =
2 g J~IS,'S,' —t!t+S'.

er, because of the approximate nature of both treat-
ments, those results were considered to be highly specu-
lative, especially close to T,.

This Letter communicates results on taZ,', /Z,", mea-
sured along the tetragonal (z) axis of the ferromagnet
LiTbF4 (T, 2.87 K) at microwave frequencies between
0.6 and 33 GHz. The axial crystalline field lifts the
(2J+1)-fold degeneracy of the free Tb + ion (J=6)
giving rise to the MJ + J ground-state doublet. Since
the excited levels are at least 170 K apart, ' at low tem-
peratures the effective spin is S —,'. The tetragonal
symmetry mixes a small amount of MJ + 2 states to
the ground-state doublet, which (i) reduces the g, value
from gJJ=18 to g, =17.85~0.1, ' but obviously does
not change the Ising nature (g„=gy=0), and (ii) splits
the doublet into two (I 2) singlets separated by
d, =1.40+ 0.14 K. '2 This latter effect is exactly ac-
counted for by a transverse field acting on the pseudospin
S, &T = —AS„,' so that LiTbF4 constitutes an excel-
lent example for the TIM Hamiltonian [Eq. (1)], for
which the ordering occurs via the (dominating dipolar

' )
spin-spin interaction (J~~) 'I S=2.0+'0.2 K. '

Inelastic neutron scattering at 4 K revealed a single
CP for F(co) of width smaller than the instrumental
resolution of 10 GHz. The absence of excitonic side-
bands around ra~ has been tentatively assigned to the
presence of long-lived ferromagnetic clusters. Our data
also incorporate the dispersion part of Z„(co)and clearly
demonstrate that the ordering TIM obeys neither a sim-

ple relaxational-type dynamics nor a pure soft mode, but
an overdamped softened oscillation around coo Nq 0

coupled to a Debye spectrum of width lit:

Z„(ca)= (VT)a'/[roo2 ta'+ tnt y(ro) ]-,
y(ra) =62/(y+tto)+r (3a)

This three-peak structure was discovered for the soft
acoustic phonon of Nb3Sn (T, =45 K) by Shirane and
Axe, ' who ascribed y(ca) to a coupling to the bath of
thermal phonons. For the present TIM our discussion by
means of Mori-Langevin equations of motion suggests
that the y(co) is related to a dynamical coupling of S» to
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the narrow (p« I ) Debye spectrum of the polarization
S associated with the transverse field. Thence, this con-
tribution to the CP appears to be a general characteristic
of the TIM, requiring no additional coupling mecha-
nisms. Most interestingly, y(ro) remains essentially in-

dependent of temperature throughout the paramagnetic
regime, implying that the CP cannot be associated with
long-living ferromagnetic clusters as suggested recently.
Moreover, we find the three-peak structure also immedi-

ately below T„with the coupling constant 8 increasing
proportional to the square of the spontaneous moment
(S,). In a first-order approximation, we can associate
this with the kinematical coupling between S„and S~
mediated by the Larmor precession of S around the com-
bined transverse and longitudinal local fields.

We determined the high-frequency dispersion and ab-
sorption from the differences between frequencies,
hf/f =re'/2, and between quality factors, AQ/Q=riZ",
for filled and empty resonance circuits. The empty state
was achieved in a suKciently high longitudinal magnetic
field ( & 20 kOe). Below 5 GHz we employed cavities
containing helical or linear inner conductors, while at
higher frequencies microwave cavities were used reach-
ing resolutions up to 5 x 10 . ' In all cases, the z axis
of the LiTbF4 was aligned parallel to one principal axis
of the sample eBipsoid (demagnetization coefficient W)
and to the direction of the alternating field. Because of
difficulties in fixing the filling factor r) in the various cav-

ities to a reliable accuracy, we decided to eliminate g by
extracting the ratio R =fZ'//" from the hf and AQ data.
Depending on the magnitudes of Af and hQ, the absolute
values of R could be determined to between 0.5 and 3
GHz.

The frequency dependence of R at infinite temperature
is displayed in Fig. 1 and compared to diff'erent dynami-
cal behaviors. All are special cases of the relaxation-
coupled oscillator (RCO) for which Eq. (3) yields
(ro =2'�)

roz,', roo2 —ro'[I —8'/(y'+co')]
X,", r+ y8'/(y'+ ro') ]

coo represents the q, /q 0 limit of the electronic excita-
tion, Eq. (2), appropriate to our experiment:

~o'=(~/t )'(X/T)(zo '+/V). (4a)

At high tempertures, the internal equilibrium suscepti-
bility Xo assumes the Curie-Weiss law, Zo=k/(T —3.5
K), with X=8.5 K, ' while below 8 K well-known loga-
rithmic factors enter. ' Figure 1 clearly illustrates the
full accord between the data fitted by the RCO model, as
well as the failure of the other basic dynamics: (i)
R =6 /y(co =0) for Debye relaxation (CP); (ii) R =(5
—co )/y(m=0) for harmonic oscillation, predicted by
the early RPA approaches; and (iii) R(I =0), follow-
ing from the continued-fraction expansion of X,",/ro ter-
minated at second order (three-pole approximation),
which has to be adjusted at high frequencies. A particu-
lar confirmation of the RCO model stems from the ex-
cellent agreement of our result, 6//1 =29.4(1.0) GHz,
with the spectroscopic (ESR) values 30(10) GHz for
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FIG. 1. Frequency dependence of fX'/X" ratios at infinite

temperature determined from extrapolations of the measured
1/T behavior (see Fig. 2) and compared to different models:
central peak (CP), harmonic oscillator (HO), three-pole ap-
proximation (TPA), relaxation-coupled oscillator (1KO). In-

set: Dynamic form factors accessible to scattering experi-
ments.
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FIG. 2. Effect of temperature on fX'/I" of two differently

shaped samples above 1/T, =0.348 K '. Solid lines were cal-
culated by the RCO model based on the conventional softening
of the oscillation frequency r00 =A() /TZO) '~ and temperature-
independent damping.
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LiTbF4 and 28.0(0.1) GHz for Li(Tbpp~ Yp99)F4. ' The
intrinsic resonance width, I /2m=94(7) GHz, turns out
to be much larger than d,/h, than the width of the relaxa-
tion p/2rr =7.4(5), and than the coupling constant
b/2x 17.3(1.0) GHz. We note that I /2z is close to the
value 8co/2n = ybHEstt = 120 GHz following from ESR
linewidths measured at high frequencies (co/2x& 280
GHz) and T» T„'which seems to support the present
analysis in terms of the RCO model.

A consequence of this overdamping, I »d„is illustrat-
ed in the inset of Fig. 1. It can be seen that a high reso-
lution is necessary in a scattering experiment in order to
distinguish the RCO from the simple CP shape for
LiTbF4. As an important feature from Fig. 2, it emerges
that at finite temperatures above T„notonly is the RCO
shape of R(co) conserved, but also the values of the
damping parameters I, p, and 8. Thus the temperature
behavior of Z„(co) is dictated by the softening of the
electronic excitation cop due to the diverging susceptibili-
ty Xo.

For the ferromagnetic state, Fig. 3 displays a strong
increase of the zeros in R(co), indicating a growth of the
excitation energy. This is not unexpected, since now the
longitudinal field caused by the spontaneous magnetiza-
tion adds to the transverse crystal field to speed up the

precession of S. Analyzing R(co), we found that the
RCO model explains the shape observed below T, fairly
well. The fit of all data by Eq. (4), a portion of which is
displayed in Fig. 3, yielded the following (i) for the equi-
librium susceptibility, Zp 0.1(1 —T/T, ) ', which
is close to the adiabatic susceptibility determined recent-
ly'; (ii) for the coupling constant h (T) =8 + (B~(S,))
with 6~/2x 80(10) GHz if we use (S,)(T) from Als-
Nielsen et al. '; and for the damping parameters I, 8,
and p, a common, weak temperature factor T/T, .

In order to elucidate the physical origin of this hither-
to neither experimentally nor theoretically observed
RCO dynamics of the TIM, we start rather generally
with the dynamic susceptibility,

X„(co)=(VT) [[I —co(coC+F+iL) ']CI„. (5)

The tensors are exactly defined within the Mori-
Langevin theory': the static correlation, C„,=(g„t,g„),
the frequency matrix F„,=kaT([gt, g„l)/h, and the
Onsager-Casimir matrix L„„=(gg„~M(co)

~ Qg„),where

Q =1 —P„„~g„)(g„~(C ')„„andM(co) is the memory
operator. The natural observables g„for the present
TIM, decoupled from the lattice, are the three "adiabat-
ic" components of S, g„=S,—P (a&S„&/aP)/(e

~
e)

(P=1/kaT). Without any approximation, one finds
for the sum of frequency and Onsager matrices

i(k, T(S,&+L„,)
F+ iL = i ( ka T(Sz) +—Ly„) iLyy

0 ikaT(S )—
ik, T(S„& .
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FIG. 3. Frequency dependence of fX'/X" in the ferromag-
netic regime. Solid lines correspond to the RCO model consid-
ering an additional coupling between oscillation of S~ and re-
laxation of S, being proportional to (S,) .

After insertion of this matrix into Eq. (5), a straightfor-
ward calculation yields just the RCO susceptibility sup-
posed in Eq. (3), provided that C is diagonal. This is

true above T„where C„„=C~~
=

4 =C~, C„=Xp/
(4&//T) (Ref. 7) and, moreover, (S„)= —,

' tanh( —,
' Ph)

= C&Ph for LiTbF4.
Above T, the physical messages obtained by this An

satz are the following:
(i) The large (high frequency) damping of the Larmor

precession of S around the transverse field, I =L~~/C&,
arises solely from the strong decay of the S» component
due to the spin-spin interaction, P„=—

2 g;&JJJS,'S~,
since the S, component is neither changed by P„
([P„,S,] =0) nor by the spin-lattice interaction, which
can safely be ignored (I,~

~ 10 Hz ').
(ii) The characteristic frequency of the relaxation is

defined by p =L„„/C~,i.e., by the spin-spin decay rate of
the S component. Comparing the relevant matrix ele-
ments, L„„—(S&S, ~

M(co)
~ S&S,) to L~z —(S„S,~

M(co)
x ~S„S,), one notes that the difference between both
arises from the different action of M(co) on S„S,and

S~S„which is plausible because of the presence of the
transverse field dS„in M(co). A detailed evaluation of
this effect apparently requires some theoretical effort,
since the ordering interaction and the transverse field are
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of the same magnitude, so that there are not simple per-
turbation schemes.

(iii) The positive coupling between S„and S»,
L—»L»„/Ci, arises from the imaginary part of L

i.e., L„»(to)=iL„'»(co)=L»„(co)in our range of frequen-
cies, since the other alternative, L„»=L„'»= L'„—, ap-
pears to be forbidden by time-reversal symmetry. This
interpretation is plausible if L„'»(co) exhibits a broad
maximum within our to range which then, according to
the Kronig-Kramers relations, may be accompanied by a
small value of L„»(to). Since L„'»vanishes for co tending
both to zero and to infinity, the observed S„-S»coupling
6 is of purely dynamic origin.

We note that principally the RCO lineshape stems
from the lack of any coupling to the z elements in the
Onsager matrix L. This is an exact consequence of
PrtM, which does not provide a coupling of S, to a dissi-
pative force; hence no residual force for the damping of
S, exists, formally following from QS, =O. We should
also note, however, that the present assignment of the
RCO parameters I, p, and 8 to L»», L„'„,and L„'» is just
the simplest one. Any other interpretation of the ob-
served line shape would require a more detailed
knowledge of the frequency behavior of the complex ele-
ments L,tt (a,P=x,z). Below T„the general Ansatz,
Eq. (6), reproduces the observed enhancement, Bz(T)
=8 +(Bi(S,)), with, however, Si/2tt=ktsT, /h =220
GHz being significantly larger than the experimental
value of 80 GHz.

In conclusion, the coZ'/X" data presented here demon-
strate that the order-parameter dynamics of the TIM
ferromagnet LiTbF4 exhibits a relaxation-coupled oscil-
lation, which was not expected from existing experimen-
tal and theoretical work. In the entire paramagnetic re-
gion, the coupling remains essentially independent of
temperature, whereas below T, it strongly increases.
Our analysis in terms of exact Mori-Langevin equations
suggests that the observed line shape arises from the
TIM symmetry producing a dynamical coupling between
the oscillating S» and relaxing S„components, the de-
tailed features of which are not yet known.
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