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Transferred hyperfine interaction and spin-lattice relaxation time for 133Cs
in a Cs2CoCl4 single crystal
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We investigated the transferred hyperfine interaction due to transfer of the spin density from the Co21 ion to
the Cs1 ion in a Cs2CoCl4 single crystal. The transferred hyperfine interaction (Hhf) could be expressed by the
linear equationHhf5@0.63T129.05# (Oe); thus,Hhf increased with increasing temperature. Also, the133Cs
spin-lattice relaxation time in this single crystal was measured in the temperature range of 4.2–300 K. The
temperature dependence of 1/T1 could be described by the approximation 1/T15@29.55T1(3.22
3103)# (s21). The relaxation behavior of133Cs in a Cs2CoCl4 single crystal could be explained by the direct
process of scattering from a single phonon. From these results, we know that the relaxation rate is proportional
to the square of the transferred hyperfine field.

DOI: 10.1103/PhysRevB.65.134423 PACS number~s!: 76.60.Cq, 81.10.Aj
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I. INTRODUCTION

Tetrahedra cobalt compounds exhibit several characte
tics at low temperatures which make them ideal candida
for magnetic studies. The experimental results for the h
capacity and magnetic susceptibility suggest that the c
pound Cs2CoCl4 undergoes a significant magnetic exchan
and there is evidence that this exchange isXY-like in
character.1–3 Furthermore, heat capacity results at lower te
peratures confirm Cs2CoCl4 to be an example of anXY linear
chain.4 In this material, heat capacity measurements4–6 indi-
cate the existence of a long-range magnetic transition aTN
50.935 K.

The room-temperature structure of Cs2CoCl4 was deter-
mined by means of x-ray diffraction.7 Cs2CoCl4 single crys-
tals have an orthorhombic structure of theb-K2SO4 type and
belong to the space groupPnamwith four molecules per unit
cell. The lattice parameters area59.737 Å, b57.392 Å,
and c512.972 Å at room temperature.8 The structure con-
sists of Cs1 and tetrahedral CoCl4

22 ions. The Cs and Co
atoms, as well as two Cl atoms@Cl~1! and Cl~2!#, all lie in
mirror planes. The Co-Cl distances in the CoCl4

22 tetrahe-
dron are essentially identical, with four Co ions surround
by tetrahedra of Cl atoms. This is similar to the tetrahed
cobalt salts Cs3CoCl5 , Cs3CoBr5 , and Rb3CoCl5 .5,9–11 In
the structure of Cs2CoCl4 , there are two types of inequiva
lent Co-ion sites. The lattice constants atT50.3 K are a
59.71 Å, b57.27 Å, andc512.73 Å.3

The purpose of current investigations was to study
transferred hyperfine interaction due to transfer of the s
density from the Co21 ion to the Cs1 ion in Cs2CoCl4 single
crystals grown by using the slow evaporation method. Al
we measured the temperature dependence of the spin-la
relaxation timeT1 for 133Cs NMR in a Cs2CoCl4 single crys-
tal. The measured relaxation rate was found to be pro
tional to the temperature in the investigated tempera
range. The relation between the transferred hyperfine in
action and the relaxation rate of133Cs in this crystal, as dis
cussed here, is a new result.
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II. EXPERIMENT

The single crystals of Cs2CoCl4 were grown at room tem-
perature from an aqueous solution of a stoichiometric m
ture of CsCl and CoCl2•6H2O. The prepared samples we
approximately 63633 mm3 in size.

Nuclear magnetic resonance signals of133Cs in the
Cs2CoCl4 single crystal were measured using a homem
pulse NMR spectrometer. The static magnetic fields w
4.70 and 1.43 T, and the frequency of the reference solu
(CsNO3) was set atv0/2p526.232 and 8.002 MHz, respec
tively, for the 133Cs nucleus. The133Cs NMR spectra were
obtained by using the Hahn echo sequence~p/2-t-p!, where
p/253.0ms, p56.0ms, andt5100ms. The sample tem-
peratures were maintained at constant values by using
lium gas flow and a heater current, giving an accuracy
60.1 K.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Transferred hyperfine interaction of 133Cs in Cs2CoCl4

Figure 1 displays the variation of the magnetic susce
bility x of a Cs2CoCl4 single crystal as a function of tem
perature. Thex-T measurement was carried out under a m
netic field of 4.7 T. The weight of the crystal used for th
susceptibility measurement was 0.108 g. At temperatu
higher thanTN , the magnetic susceptibility shows a typic
paramagnetic behavior.

The seven-line structure of the133Cs NMR is a result of
the quadrupole interaction of the133Cs (I 57/2) nucleus.
Only one set of seven lines was obtained for the NMR sp
tra of Cs even though there are four Cs nuclei per unit c
The position of the central line for133Cs in Cs2CoCl4 at 4.7
T was n526.242 MHz. The Cs spectrum is displaced by
paramagnetic shift to the higher-frequency side relative
the reference signal obtained for the133Cs line from an aque-
ous solution of CsNO3. This shift from the133Cs signal ob-
tained with respect to the reference solution is related to
transferred hyperfine interaction of the Co21 ions in the
©2002 The American Physical Society23-1
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Cs2CoCl4 crystal. The paramagnetic shift of the Cs signal
a Cs2CoCl4 single crystal as a function of temperature
shown in Fig. 2. The paramagnetic shift increases with
creasing temperature and is strongly temperature depen
The paramagnetic shift is a direct measure of the transfe
hyperfine interaction, and the most important aspect is
change in the slope of the magnetic susceptibility ver
paramagnetic shift curve, which indicates the tempera
dependence of the transferred hyperfine interaction. The
pendence of the transferred hyperfine field on the molec
susceptibility is given by the following expression:12–14

Hhf5~a/xM !NmB . ~1!

Thus the transferred hyperfine field can be obtained from
relation between the paramagnetic shifta and the molecular
susceptibilityxM . HereHhf is the static hyperfine field,N is
Avogadro’s number, andmB is the Bohr magneton.

The transferred hyperfine field of133Cs in Cs2CoCl4 was
obtained over a wide temperature range as shown in Fig
The measured value of the transferred hyperfine field
Hhf5202 Oe at 287 K. The transferred hyperfine field

FIG. 1. Temperature dependence of the magnetic susceptib
in a Cs2CoCl4 crystal.

FIG. 2. Paramagnetic shift of Cs in a Cs2CoCl4 crystal as a
function of temperature.
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creased linearly with increasing temperature, and theHhf
data in the paramagnetic phase could be expressed by u
the linear equation

Hhf5AT1B, ~2!

whereA50.63 (Oe K21) andB529.05 Oe.

B. 133Cs spin-lattice relaxation time in Cs2CoCl4

The relaxation time of133Cs NMR was measured at th
frequencyn58.006 MHz (B051.43 T) by using a saturation
recovery pulse sequence, whereT1 was obtained by saturat
ing all the transition lines. Thus the traces of the magneti
tion in the temperature range investigated were well
scribed by a single-exponential function. The spin-latt
relaxation rate 2W(1/T1) was determined from a fit of the
recovery pattern given by the following equation:15,16

S~`!2S~ t !5S~`!exp~22Wt!5S~`!exp~2t/T1!, ~3!

whereS(t) is the nuclear magnetization at time~t!. The tem-
perature dependence ofT1

21 of Cs in a single crystal is
shown in Fig. 4. TheT1 of 133Cs in Cs2CoCl4 showed a short

ity FIG. 3. Transferred hyperfine field of Cs in a Cs2CoCl4 crystal
as a function of temperature.

FIG. 4. Temperature dependence of the spin-lattice relaxa
rateT1

21 for 133Cs in a Cs2CoCl4 single crystal.
3-2
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relaxation time of 1.42 ms at room temperature, and
T1

21 slowly decreased with increasing temperature. The
appeared to be proportional to temperature in the temp
ture range 4.2–300 K, so theT1

21 data for Cs in this tem-
perature range could be described by using the linear e
tion

T1
215CT1D, ~4!

whereC529.55 (s K)21 andD53.223103 (s)21.
In many crystals, the interaction of the nuclear quadrup

moment with lattice vibrations is a vital relaxation mech
nism for nuclear spinI>1. The coupling can generally b
written as a spin-lattice Hamiltonian17–19

H5SF ~q!A~q!, ~5!

whereF (q) andA(q) are the lattice and spin operators, respe
tively, of order q. The lattice operatorsF (q) ~hereafter, we
will omit the index q, for brevity! can be expanded as
function of the stress tensors:

F5F01F1s1F2s21F3s31¯ . ~6!

At temperatures far below the melting temperature of
crystal, we can expect the thermal stress to be small, so
the first few terms in Eq.~6! are important. The termF1s
represents the absorption or emission of a single phonon~di-
rect process!. The next termF2s2 indicates the emission o
absorption of two phonons or absorption of one phonon
lowed by the emission of another~Raman process!. In the
direct process, the spin-lattice relaxation rateT1

21 is propor-
tional to the square of the frequencyv0 and to the absolute
temperatureT for kBT/\v0@1. On the other hand, the Ra
man process allows for a relaxation rate proportional toT2.
The linear dependence of the relaxation rate shown in Fig
which can be described byT1

215CT1D, is in accordance
with the single-phonon process of nuclear spin-lattice rel
ation in the paramagnetic phase.

IV. DISCUSSION AND CONCLUSION

The magnetic susceptibility for Cs2CoCl4 single crystals
in the paramagnetic phase, which were grown by using
slow evaporation method, was measured with a superc
ducting quantum interference device~SQUID! magnetome-
.
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ter. The shift of the resonance lines in paramagne
Cs2CoCl4 may be due to hyperfine interactions between
magnetic moment of the Cs1 nucleus and the Co21 ions. The
parameters for the transferred hyperfine field of133Cs in
paramagnetic Cs2CoCl4 were obtained, and the transferre
hyperfine field could be expressed by the linear equat
Hhf5@0.63T129.05# (Oe). Also, theHhf due to transfer of
the spin density from the Co21 ion to the Cs1 ion increased
with increasing temperature.

The relaxation process of133Cs for the Cs2CoCl4 single
crystal was studied below room temperature. The tempe
ture dependence of 1/T1 can be described by the approxima
tion 1/T15@29.55T1(3.223103)# (s21). From the experi-
mental results, the relaxation behavior of133Cs in a
Cs2CoCl4 single crystal can be explained by a direct sing
phonon process in the temperature range of 4.2–300 K.
relaxation rateT1

21 is proportional to the square of th
transferred hyperfine field, as shown in Fig. 5. The decre
in the relaxation rate is attributed to an increase in the
perfine field. The result is consistent with the previously
ported relaxation relationT1

21}Hhf
2 .20
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FIG. 5. Correlation between the relaxation rateT1
21 and the

square of the transferred hyperfine field.
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