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'H Nuclear Magnetic Relaxation in Impure CuF, - 2H,0
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We have studied the temperature dependence of the 'H NMR spin-attice relaxation for the impure CuF, -
2H,0 over a temperature range from 77 K to room temperature. We find that the remperature dependence of
the 'H spin-attice relaxation is dominated by the eletron Spil"lvﬂip and the Raman process of eletron spin-lattice
relaxation. The electron spin-flip exchange energy was calculated to be 1.8(+ 0.04) K.
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1. INTRODUCTION

Nuclear magnetic resonance (NMR) studies on
magnetic substances such as paramagnetic insul-
ators have been carried out extensively since ar-
ound 1950[1]. NMR studies on paramagnetic insu-
lators can be classified into two categories[1] ; the
resonant nucleus and unpaired electrons are on the
same atom in one case and on different atoms in
the other. It seems appropriate, however, to
further classify the latter into two groups, When
an atom including the resonant nucleus is bonded
directly to a paramagnetic ion, the transferred
hyperfine interaction[2] between the resonant nu-
cleus and the electron that is partly transferred to
the resonant atom generally prevails over the di-
rect dipole-dipole interaction between the resonant
nucleus and electron on a paramagnetic ion.
Examples of this case is "F NMR of MnF,[3]. On
the other hand, when the resonant atoms are not
bonded directly to a paramagnetic ion, the magntic
dipole-dipole interaction is dominant. An example
of this case is 'H NMR of CuSO, - 5H,0(4],
CuCl, - 2H,0[5], and CuF, - 2H,0[6]. Measurem-
ents of nuclear spin-lattice relaxation times in para-
magnetic insulators can give us dynamical infor-
mation of unpaired electrons. It is relatively easy
in the case of dominant dipole-dipole interactions
to estimate the magnetic hyperfine interaction and

hence to obtain the electron correlation time. This
is because the interaction to be considered in this
case is limited only to the magnetic dipole-dipole
interaction, and delocalization of unpaired elect-
rons, even if it exists, usually has a minor effect on
the interaction. In the present investigation we
have measured the temperature dependence of the
'H NMR spin-lattice relaxation in the paramag-
netic CuF, - 2H,0 powder to identify the electron
spin-lattice relaxation mechanism and to obtain the
spin-flip exchange energy in this system of dense
paramagnetic ions.

II. Nuclear magnetic relaxation in paramag-
netic insulators

Bloembergen, Purcell, and Pound have derived
the NMR relaxation times due to the magnetic di-
pole-dipole interaction[7]. When the resonant nu-
cleus with I =1 /2 are placed in the fluctuating lo-
cal field caused by flip-flops of unlike spins S, the
spin-lattice relaxation time T,y of the nucleus I in
a powder sample is expressed as{8]
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where y, o, and 7; stand for the gyromagnetic
ratio, the Larmor frequency, and the distance be-
tween the resonant nucleus and the ith unlike spin,
respectively, 7, and 1, denote the correlation tim-
es, characterizing the time depedence of autocorre-
lation functions <S,(#)S,(0)> and <S,(#)S_(0), re-
spectively. When the unlike spins are electrons, we
can assume t; = 1, =1, (the electron-spin corre-
lation time) and also w; € ws. Thus,
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where o =y7g°u%S(S+1). Here g and p; indicate
the g-factor and the Bohr magneton, respectively.
Since our T,y measurements were carried out at 45
MHz and the magnitude of 1, can be assumed to be
on the order of 107" s as will be verified after-
wards, the conditions w?rZ» 1 and wit’< 1 are
satisfied. We then finally obtain the following :

T = —52— aX v i, (3)

. Experimental

A home-built quadrature-detection pulsed NMR
spectrometer with a 12” Varian electromagnet was
empolyed at a 'H NMR frequency of 45 MHz. For
the spin-lattice relaxation time (T,) measurements,
the inversion recovery method was used. The tem-
perature was varied in the range of 77 K to room
temperature using an open-cycle refrigerator (Air
Product Heli-tran) by flowing liquid nitrogen and a
heater attached to the cold finger. The commer-
cially available powder sample of CuF, - 2H,0 with
unspecified purity was sealed in a sample cell with
a copper-to-glass joint (Kontes) and then tireaded
into the cold finger for a good thermal contact. Ac-
cording to the elemental analysis it includes the
nonmagnetic calcium (Ca™) (0.45 %) and mag-
nesium (Mg*™") (0.18 %) ions.

IV. Results and discussion
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The temperature dependence of the 'H spin-lat-
tice relaxation rate is shown in Fig. 1, in which the
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Fig. 1. The temprature dependence of the 'H spin-lat-
tice relaxation time for impure CuF, - 2H,0.

'H spin-lattice relaxation rate decreases with in-
creasing temperature. The electron spin correlation
time t,, which is expected to cause the tempera-
ture dependence of Ty, can be given by the elec-
tron spin-lattice relaxation time T,, and the corre-
lation time 1, for the electron spin-flip as follows :

= T+ o (@)

Since the electron-spin flips are caused by the
exchange interaction among neighboring electron
spins, 1, is nearly independent of temperature. On
the other hand, T, is ascribed to the modulation of
the crystal electric field or ligand field through
motions of the electrically charged ions under the
action of lattice vibrations. In fact, it was shown
to depend on temperature T as follows[9] :

hv,

S S (5)
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The first term represents the direct process and v, is
a Larmor frequency of the magnetic ion. The second
term corresdponds to the Raman process and the ex-
ponent » can take various numerical values depending
on the electronic states of the magnetic ion. The last
term describes the Orbach process, in which tran-
sitions between the two low-lying states of the mag-
netic ion occur via an excited state whose energy is
less than the maximum phonon energy but greater
than energies of the ground states, by A. In the
Raman process, the exponent # in E«. (6) has been
shown to be 7 in the case T « 6, (Debye tempera-
ture) and 2 in the case T > 6,(9]. Therefore, if T, is
determined by the Raman process, Ty is supposed to
vary as T¢ or T°. However, the Debye temperature (0
p) for CuF,-2H,O is about 135 K[10] and least-
square fit of the equation

T1M=W5y_f[ﬂ*+r;1] (6)
to the experimental data gives the values for fit-
ting parameters, y —4.00 X 10°, 7, = 1.84 X 107" s
and n =2,0 (£ 0.1). Thus the observed Ty is best
fitted to a T? dependence, which is depicted in Fig.
1 by a solid curve, and T,, appears to be given by
the Raman process,

Electron-spin flips result from the exchange in-
teraction of the form

H,=Y LS8, (7)
i<j
where the interaction is assumed to be isotropic for
simplicity and J}; is the exchange parameter or
coupling constant, which is twice the exchange in-
tegral. Using the general expression given by Kubo
and Tomita[11] for the exchange frequency o,
and characterizing the time dependence of spin
autocorrelation functions {(S,(£)S,(0)> (g==x, ¥,
z) in the same way as 7.[12], Moriya has derived
the following equation on the assumption of the
nearest-neighbor interaction : !
2

=2 % 25(541), )
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where z is the number of the nearest neighbors of
the paramagnetic ion[13]. Thus, the exchange par-
ameter J can be evaluated from the relation oZ = =
/14 [11]. Moreover, the paramagnetic Curie tem-
perature ® , which appears in the Curie-Weiss law
for the magnetic susceptibility, is given by

_z_J
8= — S(S+D), (9)

in the mean-field approximation[14]. Therefore,
the paramagnetic Curie temperature is related to
through the exchange parameter. From Egs. (6)
and (8), we obtained the exchange energy J /kg =
1.8(+0.04) K for our sample of impure CuF, -
2H,0, which is much smaller than J/kg=14 £ 1
K reported for pure CuF, - 2H,0.

Our recent magnetic susceptibility work in the
same sample used in the present study also
suggests that the value of the exchange energy J
is much smaller in this impure sample than in the
pure system{15]. This can be explained by the
nonmagnetic impurity effect. Nonmagnetic impur-
ities randomly distributed in the antiferromagnetic
sheets strongly distort the electrical interactions
within the sample, altering the character of the an-
isotropic interactions[16]. Since the minimum of
exchange energy is acheived for the entire system
as a whole, rather than for each pair of spins indi-
vidually, great changes in the exchange energy can
result when the crystal lattice is distorted due to
the presence of the impurities,

In conclusion, from the temperature dependence
of the 'H spin-lattice relaxation time in a sample of
impure CuF, - 2H,0, we have found that the 'H
spin-lattice relaxation is dominated by modulation
of the electron spin-lattice relaxation (Raman pro-
cess) and electron spin-flip, and obtained the
exchange energy J /kz=1.8(+0.04) K.
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