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Nuclear-spin-lattice relaxation in rhenium metal
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Nuclear-spin-lattice relaxation measurements are presented for ' Re in Re metal as a function
of temperature. The relaxation transition probabilities were extracted from the nuclear magneti-
zation recovery curves both in high magnetic field (Hp=8 T) nuclear-magnetic-resonance experi-
ments and in nuclear-quadrupole-resonance (Hp=0) experiments. It is found that the dominant
relaxation mechanisms is due to magnetic rather than quadrupolar hyperfine interaction with
8'~=1.32 T. The data are analyzed in terms of the electronic structure of Re metal. The
analysis confirms that Re is a "weakly enhanced" transition metal with a nuclear relaxation rate
dominated by the s-contact hyperfine interaction.

I. INTRODUCTION

Nuclear-magnetic-resonance (NMR) and nuclear-
quadrupole-resonance (NQR) spectroscopies have been
extensively used to investigate electronic and structural
properties of metals and alloys. A large body of data of
Knight shifts IC, nuclear spin-lattice (T~ ) and spin-spin
(T2 ') relaxation rates, and nuclear quadrupole frequen-
cies vg is now available for most metals. ' The NMR-
NQR investigation of rhenium metallic powders is com-
plicated by the strongly inhomogeneous quadrupole in-
teractions due to strains and defects. Recently, it was
shown that NMR-NQR spectra can be obtained in Re
metal in spite of a very broad line due to the inhomogene-
ous distribution of electric field gradients. The results
obtained for the spectra both in zero field and in an exter-
nal magnetic field were found to agree with the values of
K and vg reported previously at 4.2 K in a single crystal
by nuclear acoustic resonance (NAR). Furthermore, it
was shown that measurements of nuclear spin-lattice re-
laxation rates are possible in principle although a correct
interpretation of the data is complicated by the width of
the spectrum and by the presence of unequally spaced lev-

els.
The present study is concerned with the nuclear-spin-

lattice relaxation in Re metal as a function of tempera-
ture. The primary purpose of this work is to establish the
mechanisin driving the spin-lattice relaxation (magnetic
or quadrupolar) and to compare the results with the ones
in the other transition metals to gain information about
hyperfine interactions and electronic structure. A know-
ledge of the NMR-NQR properties of normal Re metallic
powders is a prerequisite for future studies of Re small
particles of interest for the intriguing physical and elec-
tronic properties and for the important technical applica-
tions, such as catalysis.

II. EXPERIMENTAL DETAILS AND DATA
ANALYSIS

Rhenium metal has two isotopes, ' Re (62.9%,
I= 2, y/2+=9 86.3 Hz/Oe) and ' Re (37 1%, I= .2,
y/2n =958.5 Hz/Oe). The measurements were performed
close to the resonance condition of the most abundant

Re isotope although in general the resonance lines of
the two isotopes overlap in part. The quadrupole coupling
frequency for ' Re is v@=38.5 MHz. ' The energy
spacing of the nuclear levels in presence of an external
magnetic field H p were calculated by diagonalizing the to-
tal Hamiltonian (Zeeman plus quadrupolar). In polycrys-
talline samples one expects a distribution of resonance fre-
quencies whose spectral weight distribution envelope,
averaged over all crystallite orientations, has a singularity
for 8 =+/2 (Ref. 5) where 8 is the angle between Hp and
the principal axis of the axially symmetric electric-field-
gradient tensor.

The results of the numerical calculations for 8 rr/2,
i.e., the hexagonal crystal axis perpendicular to 00, are
shown in Fig. l. In Fig. 1 we also show the comparison of
the exact values obtained by diagonalization of the com-
plete Hamiltonian with the results obtained by perturba-
tion calculations. The quadrupole perturbation on the
NMR levels is treated up to second order while the Zee-
man perturbation of the NQR levels is considered only in
first order. The comparison shows clearly the region of
mixed regime where the labeling of the levels is not
defined. The pure NQR and NMR levels are labeled ac-
cording to diA'erent quantization axis, namely, the princi-
pal axis of the EFG and the magnetic-field direction, re-
spectively. It should be noted that the eigenstates for
Hp 0 are pertinent to the quadrupole Hamiltonian
while for a nuclear Larmor frequency vL, =@~00&&vg
they become the Zeeman levels; for intermediate fields the
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F16. l. (0) Exact values of the energy levels of ' Re for
&/2 and v~=38.5 MHz. The full lines correspond to the

Zeeman levels with quadrupole perturbation (right-hand side)
and pure quadrupole levels with Zeeman perturbation (left-
hand side). The NQR experiments were performed on the

transition at vg, while the NMR experiments were
performed on the ~ —,

' transition at 84.76 MHz (Ho =8 T).

eigenstates are a mixture of the two sets and give rise to
"nonconventional" NMR spectra.

In order to simplify the analysis of the relaxation mea-
surements it was decided to work in the two following lim-
iting conditions:

(i) NQR regime (Ho-0); observation of the
~ —', transition at resonance frequency vg. (ii) Quad-

rupole perturbed NMR regime at Ho =8 T; the observed
transition corresponds to the 8=x/2 singularity of the
+

2 central transition. This transition was identified in
the level scheme of Fig. 1 by comparing the energy spac-

vg = vL + =86.88 MHz .vg

2vf

The fact that the approximate value in Eq. (1) is close
to the exact value in Fig. 1 indicates that at this field one
can safely assume to be in the quadrupole perturbed
NMR regime.

The recovery towards equilibrium of the nuclear mag-
netization was probed by applying one or more saturating
pulses of about 4 ps followed after a delay i by a two
pulses sequence r~-6-r~ with ~~ -4 ps and 6 =20 ps. The
echo intensity was measured as a function of the delay
time r. Since the resonance lines are very broad both in
NQR and in NMR experiments, it is impossible to
achieve the saturation of the whole line. However, the re-
laxation time T ~ is much shorter than the spectral
diffusion time (with the exception perhaps of the lowest
temperature) so that the effects of spectral diffusion can
be neglected. Then by using a saturating sequence much
shorter than T~ one has initial conditions, whereby for a
portion of the spectrum the irradiated levels are saturated
(+ —,

' ~+ —', in NQR, + —,
' ~ ——,

' in NMR) with the
remaining levels unchanged. Furthermore, measurements
performed at diA'erent frequencies within the spectrum
yielded identical results.

In order to analyze the curves for the recovery of the
nuclear magnetization in terms of the relaxation transi-
tion probabilities for magnetic relaxation 8'~, and for
quadrupole relaxation, 8'~ and S'2, one has to refer to the
theoretical solutions of the master equations for I=

2 .
The solutions can be given in closed form only for the case
of magnetic relaxation O'M. For the recovery of the cen-
tral +

2 transition in the NMR case one has

m(r) —m( )
m( )

=0.0286 exp( —2W~t ) +0.178 exp( —12W~r) +0.793 exp( —30W~r ) .

For the recovery of the ~ 2 + 2 transition line in the
NQR case one has

~(r) —~( )
m( )

= ——'„' exp( —20W~t)

—,'6 exp( —6W~t) .

Both Eqs. (2) and (3) are derived for the initial conditions
used in our experiments.

The general case of magnetic and quadrupolar relaxa-
tion will not be given explicitly here because it can be
solved numerically only for given ratios of the relaxation
transition probabilities 8'~, 8'1, and 8'2. '

The experimental recovery curves for both NQR and
NMR were tentatively fitted by assuming diAerent values
for 8'~, 8'l, and 8'2. Although for each individual
recovery curve the fit is not unique, it appears that in or-
der to reach consistency among all the data and particu-
larly between NMR and NQR data, it is necessary to as-
sume 8'~ =8'2=0 and 8'~&0. The implication of this

result is discussed in the next section. Two examples of
the fits of the data obtained by using Eqs. (2) and (3) are
shown in Fig. 2.

The magnetic resonance experiments were carried out
on Re metallic powder with 99.999+% purity embedded
in paragon in order to eliminate spurious echo phenomena
associated to magnetoacoustic excitations. " The NMR
measurements were performed in an Oxford supercon-
ducting magnet operating at 8 T with a pulsed Fourier
transform spectrometer operating at 84.75 MHz. The
NQR measurements were performed with a Bruker MSL
200 spectrometer opening at 38.S MHz.

III. RESULTS AND DISCUSSION

The experimental values of the relaxation transition
probabilities 8'~ are shown in Fig. 3 as a function of tem-
perature. The quantity WM was determined by fitting the
nuclear magnetization recovery according to the law in
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FIG. 2. Typical fits of the reduced nuclear magnetization
recovery curve vs delay r according to Eq. (2) for the NMR
case (WM =32 s ') and according to Eq. (3) for the NQR case
(WM =6 s ').

I

Eq. (2) for the NMR data at 8 T and according to Eq. (3)
for the NQR data.

The nuclear-spin-lattice relaxation rate in metals is nor-
mally driven by the scattering of conduction electrons by
the nuclear spins associated with the magnetic hyperfine
interaction. ' In nuclei with large quadrupole moments it
is possible, in principle, to have a nonnegligible contribu-
tion from the quadrupole interaction of the nuclei with the
conduction electrons. ' Both mechanisms lead to relaxa-
tion transition probabilities which vary practically linearly
with temperature. On the other hand, the quadrupole
contribution due to a Raman phonon scattering by nuclei

The experimental value of T& T will be analyzed together
with the Knight shift and the magnetic susceptibility fol-
lowing the procedure first introduced for transition met-
als'"' and recently revisited in order to define a parame-
trization procedure which includes in a consistent way the
eAects of electron-electron interactions. '

By assuming a two-band model for Re with s and d
bands distinguishable at the Fermi level and negligible s-d
mixing we can start by a set of equations of the form '

g PHD (EF)+ PBDd(EF) +So b
1 1

1 —a, 1 —ay

PB+ gsHhf, s +gdHhf, d + gorbHhf, orb

S(T)T) ' =k(a, )K, +k(ad)KdRd

(6)

can be ruled out by estimating its order of magnitude by
considering the Ti values of other nuclei in insulators and
scaling these values for the diff'erent quadrupole coupling
strength of ' Re. Furthermore, the temperature depen-
dence of this relaxation mechanism goes as T" with n & 2
at low temperature.

Unfortunately, the two Re isotopes have almost identi-
cal nuclear gyromagnetic ratios y& and quadrupole mo-
ments Q thus preventing an experimental determination of
the origin of the relaxation from a comparison of the two
isotopes. The result concerning the dominant relaxation
mechanism is obtained here by considering the consisten-
cy of the fits of the nuclear recovery laws as explained in
the previous section.

The values of the relaxation rate in Fig. 3 are analyzed
in terms of magnetic hyperfine interactions and compared
to other transition metals. The quantity which is normally
considered in metals to characterize the nuclear relaxation
is T~T. Recalling that in the spin-temperature approxi-
mation T~ is defined as Ti ' =28'~, one has from Fig. 3

T i T =0.38 (s K) .
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FIG. 3. Temperature dependence of the relaxation transition
probability W~ in Re metal. (O) Results from NMR at Ho=8
T. (+) Results from NQR. The inset is an enlargement of the
low-temperature region.

S=(y,/y~) =5.17&&10 sK for ' Re.
Z

A number of quantities in Eqs. (5)-(7) are either
known experimentally or can be estimated theoretically.
One can take for the Knight shift, K =1.02%, and for the
total susceptibility, @=62+'6&&10 s emu/mole. ' The
conduction electron susceptibility can be obtained by
correcting the total value with the core diamagnetic con-
tribution gd;, = —55 x 10 emu/mole. '

From a theoretical band calculation one has, for the to-
tal density of states at the Fermi level Dt t(EF)
=D, (EF)+Dd(EF) =11 (Ryatom) ' (Ref. 18) with an
estimate of the s-like contribution of D, (EF)/
Dt, t(EF) =0.1. Furthermore, since the five d-functions
are nearly equally represented at the Fermi level' we
have: '

Ry =0.2; Rprb =0.4. (8)
Finally, one can make a reasonable estimate of the
hyperfine fields due to orbital effects and to core polariza-
tion d effects, respectively. From the estimate of (r ) for
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the free atom, assuming a reduction factor of 0.75 in the
metal ' one has

Hht (&rb 0.7 X 10 6 .

Taking
~ Hhf d ) ~ Hhf Orb ~

as for ' Pt one ends up with
values for the hyperfine fields of the same order of magni-
tude as found for ' $Yin tungsten metal. Also by com-
parison with other transition metals one can infer g„b

88 & 10 emu/mole. The correction factor k(a)
in Eq. (7) which links in a consistent way the nuclear re-
laxation results to the results of k and g, was taken from
the Shaw-Warren enhancement theory.

There is no a priori reason for assuming the same func-
tional a dependence of the correction factor for s and d
electrons but, using this assumption, a consistent descrip-
tion of the temperature variation of K and Tt T has been
obtained for Pt and Pd. ' This dependence is given in
Ref. 26 (for their parameter y-0.25) and taking into ac-
count exchange effects only. The best fit of Eqs. (5)-(7)
with three free parameters yields

a, 0.26; ad 0.25; Hhf, , =4.9 X 10 6,
whereby with these values of a the correction parameter is
k(a) -0.8.

By substituting in Eq. (7) we can see that the relative

contributions to relaxation of s, d, and orbital type are:
(T, T), ' 1.48, (TiT)d ' 0.48, and (T,T),,b' 0.67,
respectively, in units of (s K)

On the other hand from Eq. (6) one finds that the rela-
tive contributions to the Knight shift are: K, =0.31%,
Kd = 0.39%, and K«b =1.1%.

In conclusion we have measured the nuclear-spin-lattice
relaxation rate in Re metal for the first time and estab-
lished from the recovery of the nuclear magnetization that
the relaxation is dominated by the magnetic hyperfine in-
teraction with the conduction electrons with a negligible
contribution from quadrupole interactions. An analysis of
the data in terms of electronic band structure indicates
that Re is a weakly enhanced metal. Finally one finds
that, in agreement with the case of other nearly half-filled
d-band transition metals, the Knight shift is dominated by
the orbital contribution while the relaxation rate is dom-
inated by the s-direct contact term.
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