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Abstract. Nuclear quadrupole resonance determinations of the spin—lattice relaxation rates
of the 35CI, 79Br and 81Br nuclei in the praseodymium trihalide crystals Py@hd PrBg are
reported. Data are presented in the temperature range 7—297 K. They are shown to be dominated
by magnetic dipole interactions between the halogen nuclear spins and*th@d?amagnetic

ions. The relaxation rates display unusual temperature dependences. This behaviour is a
consequence of the crystalline electric field splitting of the ground-state multiplet of #e Pr
configuration into six states, and the resultant depopulation of the ground paramagnetic state
as the temperature is raised. The qualitatively different temperature variation for the two
compounds is a result of the different energy splittings of the multiplet levels in the two instances.
The analysis utilizes an electron-spin correlation time described by a temperature-independent
term, the characteristic time for spin exchange between neighbouring ions, plus a temperature-
dependent exponential term.

1. Introduction

The praseodymium trihalide compounds Rr&hd PrBg crystallize in the same hexagonal
structure. The Pr ion site symmetry igfCand hence the crystalline electric field (CEF)
splits the ground-state multipRH, of the PE*+ 4f2 configuration into three doubletsI(2
andI's) and three singletsly, I'3 andI';). However, the actual energy splittings of the
CEF levels in PrG and PrBg are considerably different (Schmét al 1987).

The low-temperature properties of PsChnd to a lesser degree those of RyBrave
been the subject of numerous investigations (Colwelhl 1969, Harrisoret al 1976, Su
et al 1991, Su and Armstrong 1993). Below 1 K, one-dimensional (1D) magnetic ordering
occurs; this is followed by a phase transition at 0.4 K. The 1D behaviour is well described
by an effective 1DXY Hamiltonian (Harrisoret al 1976, Goovaertgt al 1984). Nuclear
quadrupole resonance (NQR) measurements of the halogen spin—lattice relaxation times
have been shown to agree with the predictions from relaxation theory for a magnetic dipole
interaction (Swet al 1991). The phase transition is assumed to be a co-operative Jahn—Teller
transition to a three-dimensional (3D) antiferroelectric ordered state; Peierls dimerization
has been predicted (Moret al 1983).

Halogen nuclear spin-lattice relaxation timBsabow 4 K have not been previously
reported for either PrGlor PrBr. Such measurements are also expected to be dominated
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by the magnetic dipole coupling between the paramagnetic ions and the halogen nuclei and
hence will provide information on the fast paramagnetic-ion spin dynamics (Birkeland and
Svare 1978, Rager 1981, 1984). Mizuebal (1991) have compared the NQR technique
with the EPR method, using measurements in (fG®)g][PtClg], as a means to study
electron spin dynamics.

The theory of nuclear-spin relaxation in paramagnetic materials has been discussed
for the Zeeman case by Solomon (1955), Bloembergen (1957) and Bloembergen and
Morgan (1961). However, this theory has a fundamental limitation in that it assumes
that the electron-spin Hamiltonian is the electronic Zeeman Hamiltonian. As a result, the
effects of zero-field splitting (ZFS) are neglected except as a mechanism for electron-spin
relaxation.

A theory of nuclear-spin relaxation in paramagnetic solutions in the ZFS limit has been
developed by Sharp (1990, 1993) and Bovet and Sharp (1993) and for arbitrary Zeeman
and ZFS contributions by Sharp (1992).

A theoretical expression for the halidg in PrXs as measured in an NQR experiment
is derived in section 2. Experimental considerations are presented in section 3. Section 4
contains the results and their interpretation. Section 5 is the conclusion.

2. Theory

The spin-lattice relaxation rate for the halogen nuclei is modelled assuming a magnetic
dipole interaction between the halogen nuclear spins= 3/2) and the electron spin§
belonging to the Pr ions. For an NQR experiment the nuclear spins are quantized along
the direction of the electric field gradient (EFG) generated by the surrounding charges, and
the PE* electron spins by the molecular field. Taking account of the crystal symmetry and
the magnitude of the interacting forces, the EFG tensor can be calculated at the nuclear
site. Using the known geometrical parameters and electronic state information (Sethmid
al 1987) the equations derived can be evaluated.

For nuclei with spin 3/2 the spin—lattice relaxation rayel can be written as

T, =2w; 1)

where Wy is the transition probability corresponding to the transitioh®) = |3/2) or
| —1/2) = | — 3/2). Using Abragam’s (1961) notation we can write the magnetic dipole
interaction Hamiltonian in the form

Hy = Z FOA@ 2)
()
It follows that

Wy = 3a?Rh? / (a_(0)ay (7)) exp(—iw,T) dr )
wherea = (3/2)y;ys with y; andys the gyromagnetic ratios of the resonant nuclear spin
and praseodymium electron spin, respectively, apds the NQR frequency. Also

ar(t) = FP(0)So(v) + (1/6) FO(1)S_(v) + (1/2 F? (1) S1.(v)

a_(tr) = al(v)

where the function& ¥ (t) with p = 0, 1, 2 are as given by Abragam (1961). Following the
procedure of Sharp (1992), but using the nuclear eigenstates determined by the quadrupole
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coupling, we obtain

(a-(0)ay (1)) = [FP(0)|> exp(—7/7r) (So(r)So(0) + (1/6)?|
x FQ(0)|? exp(—/tx) (S (1)S_(0)) + (1/2)?|
x F@(0)[? exp(—/tx){S-(7) S1(0)) 4)

wheretg characterizes the time scale of the molecular motion. The funciiyis)S_,(0))
with p = 0, £+ are given by

(8$p(r)S_,(0) = Tr{pS,(z)S_,(0)}
= Zpﬂ LIS, T (0[S, 1T, )exp(r )exp[|(wu—wu)r] (5)
y7aY

Y
where thep,, are the thermal equilibrium populations of the electronic levels and thare
the electron-spin correlation times. Note the difference between this result and the previous
result (Mizunoet al 1990) where the spin system had no definite axis of quantization.

The main contribution t(Tl*l is given by the first term in equation (4); the other terms
become small as a result of performing the integration in equation (3). Sipce> w,,
with © andv indicating different electronic energy levels, the transverse components may
be neglected. Therefor@l‘1 can be calculated by considering only the term

(So(t)So(0)) = Zpﬂ FylSol )| exp( - ) (6)
"
Substituting equation (6) in equation (4) gives

T
(a(O)ay (1)) = |F<1>|2Zpul<ru|so|ru>|2exp<—r) ™
Iz Iz
where we have used the slow molecular motion approximation (Sharp 1992), namely
1/t, + 1/ =~ 1/1,. After performing the integration in equation (3) we obtain

—1 _ 42 2 T
=A XM:P/L|(FM|SO|F/L>| (:I__i_a)g_[i) ®

where A2 = 6027?|FV |2 and |[FD |2 = (1/r% sirf0 cog o with r the distance from the
paramagnetic ion to the resonant nucleus, @énide angle between the principal axis of the
EFG and the vector. This equation can be simplified &, 7, <« 1, as is usually the case,
to yield

= A7 pul(TulSolT ) P ©)
n

The geometrical facto"® can be obtained from the Euler angles calculated by the
diagonalization of the EFG. The electron spin correlation time may be represented as
(Birkeland and Svare 1978)

/v, =1/t +1/Th, (10)

where 1y is the temperature-independent characteristic time for a spin flip between
neighbouring electrons, anfh,, is the electron spin-lattice relaxation time. This latter
qguantity will, in the present case, exhibit a complicated temperature dependence as the
range of temperatures studied spans all six low-lying electronic energy levels gf &€l
PrBrs. An empirical expression fofy,, namelyTy, = T,0exp(A,/kT), was usedA may

be thought of as a generalized Orbach process energy gap.
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3. Experimental details

Halide NQR measurements on polycrystalline samples of ;Pa@t PrBg were carried
out in the temperature range 7-297 K. The samples were obtained fro B® Taylor,
Queens University, Kingston, Canada. Temperature control was achieved with a Lakeshore
cryogenic controller (TGC-100) in conjunction with a calibrated DT-470-SD-12A silicon
diode sensor. In the range 7-77 K the temperature was determined by this sensor;
above 7 K a copper—constantan thermocouple was used. Temperature measurements were
accurate to withint0.5 K.

35CI, "Br and 8!Br spin-lattice relaxation measurements were obtained using a
conventional Fourier transform (FT) NMR spectrometer equipped with a TecMag pulse
programmer and acquisition system. The RF pulses were produced by gating the output
of a Fluke 616B synthesizer. &—t—m/2 inversion recovery pulse sequence was used.
The magnetization recovery was well represented by a single-exponential decay for all
temperatures in both compounds. The estimated error itTlﬂJrevaIues obtained from the
decay curves ist3%.

The data are shown in figures 1 and 2.
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Figure 1. Measured®>Cl relaxation rate data as a function of temperature.

4. Results and discussion

Figure 3 is a plot of the ratich‘l(slBr)/Tl‘l(7gBr) as a function of temperature. The
average value of this ratio is.1I7 + 0.04; the ratio of magnetic dipole moments of the
two bromine isotopes is 1.16, as shown by the broken line. This result demonstrates that
the relaxation is dominated by the magnetic dipole coupling between the bromine nuclei
and the paramagnetic Prions and not by the electric quadrupole interaction. If the latter
mechanism were dominant, tA&8r data would lie below thé®Br data. It is reasonable to
assume that magnetic dipole coupling also dominates the relaxation fay. PrCl

From figures 1 and 2 we see that the temperature dependend@?s1L dbr PrCk and
PrBr; are qualitatively different at the higher temperatures even though both compounds
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Figure 2. Measured ®Br and81Br relaxation rate data as functions of temperature.
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Figure 3. Ratio 7, *(8Br)/ T, 2(7°Br) of relaxation rates, as a function of temperature. The
broken line represents the expected value for a magnetic-dipole-dominated process, namely 1.16.

have the same crystal structure and both the Cl and the Br nuclei have spin 3/2. We also
see that, for both Compoundfl‘l increases as the temperature decreases at the lowest
temperatures, in contrast with normal behaviour. The likely origin of both these effects is
the splitting of the electronic ground state by the CEF. The energies of the ground-state
multiplet are shown in figure 4 (Schmiet al 1987). Note that the splittings are quite
different for the two compounds. The energies of the first and third CEF excited states,
both with null magnetic moment, are 17 K and 138 K for RrBnd 46 K and 198 K
for PrCk. The changes in the populations of the levels of the multiplet over the range of
temperatures studied will be significant and must be reflected in the spin—lattice relaxation
process.

To evaluate relaxation rates we cannot sayriori that (w,7,)? < 1; however, if this
inequality holds, equation (9) applies amg‘l is proportional to the correlation time,
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Figure 4. CEF energy level splittings for the ground-state multiplet oftPelectronic
configuration in Pr@ and PrBg.

and the geometrical factoa? defined in the previous section. This latter factor can be
calculated using the known geometrical parameters (Scletéd 1987). Estimated values

of A? are presented in table 1. Values of the matrix elemEptS,|T",,) are calculated using

the known CEF eigenstates (Schreital 1987); results for states(” andT{? are listed in

table 1. We are now able to estimate the order of magnitude of the electron-spin correlation
times from the experimentaf; *-values as about 18° s. Sincew, ~ 10’ s, the fast
motion limit, (w,7,)? < 1, is a valid approximation and equation (9) applies. Assuming
that the correlation between electrons corresponding to different Pr sites is negligible,
the contribution of electrons from different sites is additive. Therefore, substituting the
electronic populationp, = Z texp(—E,/kT) with the partition functionZ given by

Z=) , exp(—E,/kT), andE, the electronic energy eigenvalues in equation (9), yields

., A? —E
Tt = ~ Zexp( kT“) (T, 180l T )12, (11)
y

This equation explicitly shows the effect of populating the excited states.

Table 1. Calculated values of the matrix elemei(E, |So|T",.)| and the geometrical parameter
A2 for PrCk and PrBs.

A2

@0 s?) (ISt (TP 1Sor?)| 1{T6lSoITe) |
35¢l 2.24 0.71 2.71 1.0
Br  10.0 0.98 2.98 1.0
81gr  11.6 0.98 2.98 1.0

Using the least-squares method, equation (11) was fitted to the Ba@d. Initially

the three lowest-temperature data points were fitted assuming that the contribution of the
ground paramagnetic electronic state dominated the relaxation, and that the electron-spin
correlation time was a constant. The result is the broken curve shown in figure 5. It
gives ample evidence of the importance of the ground-state depopulation in accounting for
the observed anomalous chlorine nuclear relaxation. However, the broken curve does not
provide an adequate fit to the data. As a next step, a temperature-dependent term is added
to the expression for the electron-spin correlation time as suggested by equation (10). The
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Figure 5. 35Cl relaxation rate in PrGl The lines are least-squares fits of equation (11).
The broken curve shows the effect of the depopulation of the ground paramagnetifgﬁvel
assuming a temperature-independent electron-spin correlation time. The solid curve includes the
added contribution of a temperature-dependent electron-spin correlation time.

result is the solid curve shown in figure 5; it provides an excellent fit to the data. There is
no need to add further terms and, in particular, a term to represent the contribution of the
first paramagnetic excited stafg”. This is somewhat surprising as this level will have a
significant population above 100 K. On the other hand, only two data points were acquired
above 100 K.

The three parameters obtained from the fit are given in table 2. The energy gap
A/k = 26+ 5 K has no easy interpretation. Indeed, given the energy level distribution
(figure 4), the electron-spin correlation time cannot be explained by an Orbach process
(Pake and Estle 1973, Mizuret al 1991). Moreover, the functional form employed for
the temperature dependence of the electron-spin correlation function is not unique. For
example, a linear form gives an equally good fit to the data. What is clear is that the
correlation time must decrease with increasing temperature in order to account for the data.
Figure 6 shows the temperature variatiorré?f as deduced from the parameters in table 2.

Table 2. Electron-spin correlation times and energy gap parameters fog Rricl PrBg.

T Tyo Aulk
CEF state (18 s) (100 s) (K)

Prck 1P 4194008 110+01  26+5

PrBr; Iy’ 143+008 20+05 84+16
r? 143+£008 31+03 220440

The PrBg data cannot be fitted in an equivalent fashion. This is obvious from a
comparison of figures 1 and 2. In order to account for the secondary maximum occurring
at about 90 K it is necessary to add a contribution from the paramagﬁgﬁcstate as
described by two additional parametékg and Aéz). The data for both isotopes were fitted
simultaneously. The resulting fits provide excellent representations of the data, as shown



8008 S Suetal

Tgm) (S X 1010)
1.2 T T

1.1F 4

0‘8- l | n
10 20 50 100 T(K)

Figure 6. Calculated temperature dependence of the electron-spin correlation time fgr PrCl
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Figure 7. 7°Br and®!Br relaxation rate in PrBr The lines are simultaneous least-squares fits of
equation (11). The broken curves account for only the depopulation of the ground paramagnetic

level I‘él). The solid curves include the additional contribution of the first excited paramagnetic

@)
level ;™.

by the solid curves in figure 7; the parameters are listed in table 2. The broken curves are
the result of using only the ground paramagnetic state as was shown to be sufficient to fit
the PrC} data.

Because of the significant difference in the energies of the first excited states of the two
compounds, the paramagnetic ground state of PvlBi depopulate much more quickly
as the temperature is raised than will the ground state ofsPr8k a consequence we
would expect the paramagneﬁtéz) level to become important at lower temperatures for
PrBr; than for PrC}. This is what the data show, and this is what the analysis confirms.
However, beyond this qualitative conclusion, the quantitative differences in the behaviour
of T{l for PrCk compared with PrBr must be due to differences in the details of the
electronic structures and electron-spin dynamics of the two compounds. These differences
cannot be articulated from the present experimental study.
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5. Conclusion

The relaxation rates of the halogen nuclei in Bréhd PrBg in the temperature range 7—

297 K are dominated by the magnetic dipole interactions between the halogen nuclei and the
Pr*+ paramagnetic ions. The anomalous temperature dependence is a direct consequence
of the CEF splitting of the ground-state multiplet of thé"Pconfiguration. The observed
increase inTl‘l at the lowest temperatures for both compounds is in large part due to
the depopulation of the paramagnetic ground state of the multiplet; however, there is a
significant contribution from the temperature dependence of the electron-spin correlation
time. The dramatic difference between the behavioursof for the two compounds
reflects the difference in CEF splittings. The occurrence of a secondary maximum in the
relaxation rate of PrByris driven by the more rapid depopulation of its ground state and the
subsequent enhanced importance of the contribution of the first excited paramagnetic level.
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