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AbsIrneL Measurements of the bromine nuclear quadlupole resonance frequency and 
spin-spin relaxation time (T?) are reponed for pmecdymium tribmmide (PrBr,) from 
4.2 K to 0.125 K. The frequency data indicate lhal a1 T=0.130 K a phase transition to 
a Ihreedimensional antifermelecvic ordered state occurs. Tbii distortion is believed to 
be a Peierls dimerization; a dimerization parameler is deduced. ?be Tz results. which 
are not understood in detail, are shown Io be due to a magnetic dipole interaction 
mechanism. 

L. htmduftion 

The praseodymium trihalides, PrBr,, are of particular interest because the nearest- 
neighbour Pr-Pr interaction along the hexagonal crystal axes in these crystals provide 
a good physical realization of the ideal one-dimensional X Y  model. Early nuclear 
spin relaxation measurements (Mangum and Thornton 1969) for the 3sCI nuclei in 
PrCI, yielded both spin-lattice (TI) and spin-spin (T2) relaxation times. The tem- 
perature dependence of these relaxation times was described as 'unusual'. In 1969 it 
was thought that PrBr, was an antiferromagnet; it is now known that this is incor- 
rect (Hessler and Carlson 1 971). Recent more accurate measurements of the 3sCI 
spin-lattice relaxation time in PrCl, and of 7YBr and 8'Br relaxation times in PrBr, 
have been reported (Su er nl 1991) from a nuclear quadrupole raonance (NQR) ex- 
periment carried out in the pseudo-one-dimensional regime. These data were shown 
to be in excellent agreement with the predictions of a relaxation theory based on a 
rigorous treatment (Katsura et a1 1970) of the longitudinal dynamical correlation func- 
tion (S-?(t)S;(O)) of the electronic pseudo-spins Sm associated with the crystalline 
electric-field ground states. 

nuclei in PrCI, (alweU er nl 1969) indicated 
that a phase transition occurs at T,=0.428 K. The single 35CI NQR line above T, 
symmetrically splits into two lines of equal intensity below T,. On the basis of a group 
theoretical analysis (Morra er a1 1983) it was deduced that the phase transition was 
a co-operative Jahn-Rller distortion to a three-dimensional antiferroelectric ordered 
state, predicted to be a Peierls dimerization. Ib date this identilication has not been 
veritied directly by a neutron diffraction measurement. 

In the present paper an NQR investigation of the two bromine isotopes in PrBr, 
is reported. Measurements of the NQR frequency spectrum and T2 were carried out 
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The cw NQR spectrum of the 
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from 4.2 K to 0,125 K using a dilution refrigerator and a Fourier-aansform NQR 
spectrometer. The data are presented in section 2 and discussed in sections 3 and 4. 

2. Data 

The samples, the dilution refrigerator, the NQR spectrometer and the basic experimen- 
tal method have been described in an earlier publication (Suer af 1991). The bromine 
NQR frequency data were obtained from a one-pulse experiment. A typical n / 2  pulse 
length was 5.5 ps.  The *'Br data are shown in figure 1. The T2 magnetization-decay 
curves were obtained using two different pulse sequences (a) the (n/2), - T - (n),, 
Hahn-echo sequence (Hahn 1950), and (b) the (n/2), - r - (7r/2),, solid-echo 
sequence (Powles and Strange 1963). '&pica1 echo decays are shown on the semi- 
logarithmic plots in figure 2. These magnetization-decay plots, M ( r )  versus r, are 
linear and their slopes give the corresponding T2 values. The temperature depen- 
dences of T, for both the NBr and 8'Br resonances and for both pulse sequences are 
plotted in figure 3. The curve drawn through 81Br data is a 'guide to the eye'. Each 
point on the curve drawn through 7gBr data corresponds to a Tz value 1.16 times 
larger than the corresponding 8'Br point. 
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Figurr 1. Temperature dependence of the 81Br NQR frequency in PrBr,. The dashed 
Line represenu reasonable atraplalion Io low temperature as aplained in the t a t .  

3. Temperature dependence of the resonance frequency 

From figure 1 we see that PrBr, undergoes a phase transition at 0.130 f 0.010 K. 
This transition temperature is much lower than that observed for PrCI, (Colwell er a1 
1969). Since this was not expected, we also measured the %Cl NQR spectrum in PrCI, 
as a check on our sample temperature determination. The data yielded a transition 
temperature of 0.410 f 0.010 K, which is in reasonable agreement with the earlier 
result of 0.428 K 

The only previous report of the transition temperature in PrBr, was based on 
electric susceptibility measurements (Tiylor et 01 1977) above 0.27 K. The data are 
plotted in figure 4 as a function of J / k , T .  Curie law behaviour is shown for 



Bromtte nuclear quadrupole raonance study of BBr3 4303 

6 

72 : 2  a 1 f5l 0 (D BO 120 ::Kl 4 

6 

2 

0 HI Bo 120 Figure 2. '&pial decay as measured in PrBr3: (a) 
Hahn-echo d q  for lhe 7PBr revnance at 1.8 K;' 
@) solidccho decay for the *)Br resonance at 1.8 K. 7 (us) 
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Figua 3. Temperalure dependence of Tz [or both bromine isolops in PrBr3 as measured 
by the Hahnccho and solid-mho sequences. 

reference. 'The data follow the ID X Y  model, at least for temperatures above 2.5 
K ( J / k , T  < 1.2). The authors argue that an 'abrupt change of slope' OCCUIS at 
T = 0.37 K ( J / k B T  = U), as indicated by the arrow, signalling the onset of long- 
range order. We do not find this interpretation convincing and it is certainly not 
supported by the NQR data. 

The dashed line in figure 1 represents a 'reasonable' extrapolation of the frequency 
data to low temperatures. It assumes that the data for the two temperatures below 
T, are sufficient to conclude that the phase transition in PrBr, is of the same nature 
as that in PrCI,. Also, the dashed line satisfies the assumption that the limiting value 
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J l k . 1  

F@e 4. lbq-xz” dependence of the electric susccplibilily of PrBr) (from Bylor 
e1 ot 1977) JlkB = 3.0 K is the intvactian parameter. The armw indicates the data 
point corrcrpnding to JlksT = 8.1 (T= a37 K) and indicates ‘an abrupt change of 
slope’. 

of the frequency splitting, AvL in PrBr, is such that 

(A”L/”O)P*B, = (A%/”o)pe,, = 0.018 

This result would be expected if the magnitude of the dimerization in the two com- 
pounds is nearly the same. 

A previous estimate of the magnitude of the Peierls dimerization p y l o r  er a1 
1983) in PrCI, yielded Ac/c Y 0.2%. The estimate was deduced from a consideration 
of the dependence of the NQR frequency on the unit cell dimension c in the series 
of isostructural compounds CeCI,, PrCI, and NdCI,. It is certainly not obvious that 
this procedure is a reliable one. 

There is, however, a better way to estimate the magnitude of the dimerization 
which makes use of only the limiting frequency splitting, AvL, below T, and the 
frequency, yo, just above T,. Dimerization can be characterized by a parameter 

Df = TO(Pr) - r+(Pr) 

where ro and r* are defined in figure 5. For T > T, the Pr ions are equally spaced 
along ID chains with separation v0. For T < T, dimerization occurs and alternate Pr 
ion separations are greater than (rf) and less than ( T - )  the spacing T,,. 

Denoting the NQR parameters above T, as (eq), and q, and below Tc as eq and 
q, it follows that 

The point-charge model can be used to calculate the components of the electric 
field gradient tensor, and hence to obtain values of the field gradient parameter and 
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T<T. T>T. 

Figure 5. Definition of the quantities rg, r+ and r- for the normal and dimerized 
chains o f  Pr ions (dots) in PrBr,. Neglecting thermal expansion, r+ i r- = 2ro. 

asymmetry parameter, both above and below T,, for a series of values of D,. The 
above relation remains correct for the values of vo and v (D*)  so obtained, provided 
only that the antishielding factor is not altered by the dinierization. 

The point-charge calculation performed included contributions from 900 unit cells. 
The magnitude of the dimerization deduced is D / c  = 0.007 for the limiting value 
of the frequency splitting observed for PrCI,. This result is of comparable magnitude 
to that estimated for the spin-Peierls transition in lTF-CuBDT (Bray et a1 1975). A 
similar result is expected near the phase transition in PrBr,. 

4. Temperature dependence or the spin-spin relaxation time 

T, data were previously reported (Mangum and Thomton 1969) for the nuclei in 
PIC],. We repeated these measurements for several temperatures and obtained results 
in substantial agreement. Our new T, data for PrBr, measured above T, are shown 
in figure 3 for both the 7YBr and 8’Br resonances and as measured by both the Hahn- 
echo and solid-echo pulse sequences. Several conclusions may be drawn. Firstly, the 
two sequences yield the same results. This is to be expected in the rigid-lattice regime. 
Secondly, the isotope ratio is T2(7YBr)/Tz(s1Br) = 1.2 & 0.1. This is in agreement 
with the theoretical ratio T2(wBr)/T,(81Br) = [ ~ . ( ~ B r ) / p ( ” B r ) ] ~  = 1.16 for a 
magnetic relaxation mechanism. 

The temperature dependence of Tz is remarkable. As with the previous data 
for PrCI,, T, decreases with temperature in an approximately linear fashion from 
4.2 K to just below 1 K, but then undergoes an abrupt reversal, and increases as the 
temperature decreases further. 

A previous study (D’Iorio et af 1983) of spin-spin relaxation in PrCI, at 4.2 K 
using a Hahn-echo sequence reported a non-exponential decay of the magnetization. 
The data were fitted to a function of the form exp(-bt3/*). The T, values deduced 
from these fits indicated that T, was dominated by an electric quadrupolar mechanism, 
rather than a magnetic dipolar mechanism. We attempted to reproduce the behaviour 
reported for PrCI, but were unable to do so and have concluded that the result by 
D’Iorio was a spurious result. 

It is possible to calculate the temperature dependence of T, for a magnetic 
relaxation mechanism. By using the spin correlation function (Sr(t)S:(O)) given by 
Katsura er ai (1970), we were able to compute the temperature dependence of T, for 
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a resonant nucleus experiencing magnetic interaction with the electronic pseudo-spin 
Sm associated with the crystalline electri~field ground states. The result predicts that 
T' should increase with decreasing temperature, in agreement with the calculation for 
PrCI, (DIorio er al 1983), but contrary to the experimental temperature dependence 
of the T2 data. 

At present we are unable to provide a theoretical explanation of the temperature 
dependence of T2. We present the results as a stimulus to theorists interested in the 
dynamical properties of the one-dimensional XY model. 
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