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Pseudosyin Dynamics of the One-Dimensional S = T XY System PrC13 Studied
by Electronic Raman Scattering
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Direct confirmation of the one-dimensional S= —, XY character of the interactions

between the pseudospins of the Pr + ions in PrC13 is obtained through a study of the pseu-
dospin dynamics by means of electronic Raman scattering, with and without a magnetic field.
This is concluded from an analytic calculation of the spectral moments and from a numerical
finite-chain calculation of the line shapes, both of which are in excellent agreement with the
experimental data.

PACS numbers: 78.30.6t, 75.10.Jm

We present an experimental and theoretical study
of the electronic Raman transition from the non-
Kramers ground-state doublet to the lowest excited
singlet of the Pr'+ (4f2; 3H4) ion in PrC13 (Hougen
and Singh'), at 32 cm '. There is a keen and con-
tinued interest in this crystal because it is one of the
very few physical realizations of the one-dimen-
sional (1D) S = —, spin system with XYinteractions
between nearest-neighbor (nn) spins. z Many of the
properties of this model system can be calculated
exactly3 and as a result comparison with experiment
is often possible. We demonstrate that the dynami-
cal properties of the pseudospins in PrC13 are re-
flected in the linewidth and line shape of the elec-
tronic Raman spectra, observed with and without an
applied magnetic field.

The 1D properties of PrC13 above the structural
phase transition temperature (T, =0.428 K) were
suggested by measurements of low-temperature
heat capacity, magnetic susceptibility, and chlorine
nuclear quadrupole resonance. 4 The gyroscopic ra-
tio' of Pr3+ impurities as well as the "exchange"
constants6 of axial Prs+ -Pr3+ pairs in the isomorph-
ic crystal LaC13 were found to be extremely aniso-
tropic as a result of the non-Kramers nature of the
Pr3+ ground-state doublet. Through a careful
analysis of chlorine nuclear magnetic resonance
data and of electric susceptibility measurements,
Harrison, Hessler, and Taylorz have shown that the
dominant spin-spin interactions are nonmagnetic.
Transverse components of the S= —,

' pseudospins
carry an electric dipole moment related to local dis-
tortions of the lattice, and the coupling between
pseudospins can be regarded as antiferroelectric in-
teractions between Jahn-Teller systems. The exper-
imental data concerning the statics and dynamics of
PrC13 previously available have been interpreted in

terms of the spin Hamiltonian

~@=Jx (SXSg+t +SOS"+t )+ hx S", (1)

in which h =
g~~ p, &H„H, is the static magnetic field

component along the hexagonal axis, the z axis, and
p, a is the Bohr magneton. The parameters for iso-
lated Pr + in LaC13 were employed, i.e. , the
transverse exchange constant J/ks = J„/ka=2. 85
+0.14 K between axial Pr + pairs, and the gyro-

scopic ratio g~~ =1.035+ 0.005.~ A far-infrared ab-
sorption feature in PrC13 has been attributed to
zero —wave-vector (k = 0) excitations of the 1D
spin system. 7 Recently, the low-frequency response
of the pseudospins in PrC13 has been investigated
by means of Cl nuclear spin relaxations and was
shown to be consistent with the picture of the 1D
spin-spin interactions given above.

The ground multiplet 4fz3H4 of the Pr'+ ion is
split by a crystal field of C3h symmetry. The
resulting ground doublet belongs to the E'
representation of C3h and carries the S= —,

' pseu-

dospin. Accordingly, the states will be labeled
~

+ —,
' ), corresponding to phase factors e -+'z

under a threefold rotation around the z axis. An A"
singlet state, labeled ~0), is split from the ground
doublet by an energy e, e/ka= 46 K. In Fig. 1 the
electronic Raman spectrum of PrC13 is shown in the
absence of a magnetic field (curve a), and in an ap-
plied field of 6.31 T (curves b, c). The laser beam is
incident along the z axis with right (curve b) and
left (curve c) circular polarization, while the scat-
tered light is collected at a right angle and is polar-
ized linearly along the z axis. Reversal of the circu-
lar polarization is equivalent to a reversal of the
magnetic field H, to —H, . The shift of the Raman
line corresponds essentially to the Zeeman splitting
of the levels of the ground doublet, and the circular
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FIG. 1. Electronic Raman spectra of Pr'+ in PrC13
measured at T= 5.4 K with the laser beam incident along
the hexagonal axis z, (curve a) in the absence of a mag-
netic field, and (curves b and c) in a field of H, = 6.31 T
along this axis, using right and left circular polarized
light, respectively. Curve d shows the Raman line of
Pr + diluted in LaC13, in zero magnetic field, shifted
down in frequency by 2.0 cm ' for the purpose of com-
parison with curves a —c. The spectra have been
smoothed and a constant background has been subtract-
ed. The experimental resolution is =0.5 cm ' for
curves a-c, and = 0.7 cm ' for spectrum d.

polarization of the light singles out only one of
these states as the initial state for the scattering pro-
cess. We also give the spectrum of Pr + diluted in
LaC)s. 1 mo(% PrC13 in the absence of a magnetic
field (Fig. 1, curve d). For the purpose of compar-
ison with the spectra in PrCls this curve was shifted
down in frequency by 2.0 cm '. The observed
width of this narrow line (=0.7 cm ) is deter-
mined by the experimental resolution.

The Raman spectra in the undiluted system PrCI&

I are much broader (=1.8 cm ') than that for the
(b) isolated Pr + ions in LaC13. Moreover, with in-

~150— Hz=6.31 T — creasing magnetic field the signal in PrC13 becomes
narrower for the right circular polarization, and
broader for the left circular polarization. Finally, at

100— high magnetic fields the two lines split and a clear
asymmetry develops in the low-intensity peak (c)(o)

with the steep edge at the high-energy side. For the
I other peak (b) the asymmetry, with the steep edge

now at the low-energy side, is much smaller but its
presence has been established through repeated
careful measurements. When the temperature is36
increased the asymmetry of the Raman lines gradu-
ally disappears. At about T=20 K the spectra for
right and left circular polarization possess nearly the
same intensities and linewidths, and no asymmetry
is observable any more. The larger linewidth of the
electronic Raman spectrum in PrC13 as compared to
that of isolated Pr + in LaC13 as well as the field
dependence of the line shape result, as we show
below, from the dynamics of the chains of S= —,

'

pseudospins.
In calculating the electronic Raman spectra of a

chain of Pr'+ ions in PrC13, we will only consider
the one-ion operators acting between the three
lowest states of these ions: first the components of
the pseudospin S", S», and S', which possess the
usual matrix elements between the states

~
+ —,).

Furthermore, we define operators a (p ), with

p, = + —,', converting the doublet states into the
singlet state, a (p, ) ~ v) = 5„„~0), in which v = 0,
+ —,', and correspondingly the conjugate operators

a (p, ). For the polarization geometry employed in
the experiments the electronic Raman spectrum is
proportional to the Fourier transform of the time-
dependent correlation function:

lg(r) =Xp([+ (rp) +r~~(rp)][& (p) +r+~(p)]"), (2)

in which H ~(p) is the part of the polarizability of a single ion at site p which depends on the operators de-
fined above. In (2) we implicitly assumed that the polarizability of the crystal is the sum of single-ion polari-
zabilities. The time dependence is governed by the Hamiltonian 8 =8 s+P ~, where P's is the S�—,

=XY�Hamiltoni given in Eq. (1), and 4 E=eg n~ is the singlet excitation energy. At low temperature,
T (& e/ka = 46 K, singlet excitations possess a very low probability, and we can replace the thermal average

( ) by an average ( )„;„,in which we sum only over the states having all of the ions in the ground doublet.
Making use of the symmetry properteis of the polarizability 9' ts(p), and of its Hermiticity, one finds

(p) +i~~(p) = c [a~ ( + —,
' ) + a~ ( + —,

' ) ], where c is a numerical factor. It is now straightforward though
somewhat tedious to show that

Iz(r)= )c~2e '"X (exp(i&sr)exp[ —I(P's hs(t'))r]( —,
' +Sg)—)„;„,

where

(3)

hst') = S,"(S," t + S,"+ t ) + S; (S; t + S;~ t ) + AS;.

Obviously, the expectation value in (3) is not a spin-correlation function of the usual kind. This is related to
the usual kind. This is related to the electronic Raman process which excites one ion out of its ground doub-
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let state, i.e., out of the space described by the
pseudospins. Although a vast amount of exact
results are available on spin correlation functions of
the S = —,

' XYmode1, 3 it is very hard to calculate (3)
analytically.

However, it is straightforward to calculate the
zeroth, first, and second frequency moments of the
Fourier transform (3) by use of the techniques of
Ref. 3. Fitting the theoretical results for the mo-
ments to the experimentally determined spectral
moments, obtained at several values of the magnet-
ic field H, between zero and 6.31 T, we obtain
e/ka = 45.6 + 0.2 K, g ii

= 0.827 + 0.007, and
J/ka=2. 4+0.2 K. To our knowledge, this is the

first accurate determination of the g value of Pr +

in the undiluted system PrC13. This g value is quite
different from that in LaC13. Moreover, the value
determined for the exchange constant is somewhat
lower than the value 2.85 K quoted for Pr +-Pr +

pairs in LaC13 which was employed in previous
work

More information about the line shapes of the
Raman spectra is obtained from finite chain calcula-
tions. For a chain of 2X —1 sites with free ends we

have diagonalized the Harniltonian 4 z and the
operator ~q —hq in order to obtain their eigen-
states, 0" and 4, and eigenvalues, E+ and E+,
respectively. The Raman spectra were then calcu-
lated using the expression

I y (cu) = ((2N —I) lc I'/2cr lx~ 4,5(r0 —~+ E~ —E4, )exp( —PE~) &q'IC') (& I 2 + S, Iq'), (4)
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FIG. 2. Calculated electronic Raman spectra for a

linear chain of seventeen Pr'+ ions (N = 9) at T = 5.4 K
using the parameters e/ktt= 45.6 K, gii = 0.827,
J/kaT= Jt = 2.4 K, and Jii = 0, in the same conditions
of polarization geometry and magnetic field as quoted for
the experimental spectra in Fig, 1.

in which P=I/kaT. We can prove that for the
S= —,

' XY chain with free boundary conditions the

calculation of (4) for a chain of 2N 1sites can—be
reduced to a similar calculation for a chain of N
spins, again with free ends, by making a suitable
adaption of spin Hamiltonian (1).

In Fig. 2 we present the calculated Raman spectra
for a chain of seventeen sites, using the gii and J
parameters determined from the moment fitting.
The line shapes are in very good agreement with

those of the experimental spectra (Fig. 1), repro-
ducing the changes in width and asymmetry intro-
duced by the applied magnetic field. The ratio of
the integrated intensities of the I+ and the I spec-
tra is somewhat larger in the calculation (Fig. 2)
than in the experimental results (Fig. 1). In fact, a

more accurate fit is obtained if a lower temperature
(=4.2 K) is employed in the calculation, but a

careful temperature calibration has shown that the
experimental accuracy is better than a tenth of a de-

gree. We have repeated the calculation for higher
temperatures up to 20 K and found a good agree-
ment with the changes in line shape of the experi-
mental spectra: The intensities and linewidths of
the Raman lines for opposite circular polarization
tend to become equal, and the asymmetry of each
of the Raman lines disappears.

The question arises whether the calculated line

shapes are characteristic for model Hamiltonian (1).
Therefore we have studied the influence of the in-

troduction of exchange interactions between the z

components of nn spins. In Fig. 3 we present calcu-
lated spectra for similar values of the parameters,
except for the introduction of either a ferromagnet-
ic or an antiferromagnetic Z-Z exchange term, with

Jii = +
1 j /2= + J/2. In either case the two Raman

peaks for opposite circular polarization both exhibit
asymmetries in the same sense, i.e. , for both peaks
the steepest side is at high energy for Jii = —Jt/2,
and at low energy for Jii = Ji/2, in contradiction
with the experimental results. Such an effect would

have been detected in the experimental spectra, and

therefore Jii must indeed be much smaller than Ji.
We conclude that the features of the electronic

Raman spectra of PrC13 with and without an applied

magnetic field are caused by the dynamics of the
S= —,

' pseudospin system of almost pure one-

dimensional character with almost pure XYinterac-
tions between nn spins. Through the analysis of the
Raman spectra we have directly determined the
spin-Hamiltonian parameters of PrC13, which are
different from the previous values derived from the
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dilute system Pr + in LaC13.
We wish to thank P. Walker and the crystal

FIG. 3. Calculated electronic Raman spectra (T= 5.4
K, H, = 6.31 T) of a chain of nine Pr3+ ions including ei-
ther a ferromagnetic or an antiferromagnetic exchange
interaction between z components of the pseudospins,
Jii = + Jt/2, and again as in Fig. 2 for the parameter
values e/ka=45. 6 K, gii = 0.827, and Jt/ka= J/ka=2. 4
K.
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