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Comparative NMR investigation of the Re-based borides
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We report a systematic study of the rhenium-based borides, ReB,, Re;B3, and Re;B, by means of the g
nuclear magnetic resonance (NMR) spectroscopy. While Re;B3 and ResB are superconductors, ReB, exhibits
no superconducting signature but is of current interest due to its superhard mechanical property. Since the
major focus of this investigation is their electronic characteristics in the normal states, we performed the
measurements at temperatures between 77 and 295 K. For Re;B; and Re;B, s-character electrons were found
to be responsible for the observed "B NMR Knight shift and spin-lattice relaxation rate (1/7;). From T
analysis, we thus deduce the partial B s Fermi-level density of states (DOS) of both borides. On the other hand,
the relaxation rate of ReB, is mainly associated with p electrons, similar to the cases of OsB, and RuB,. In
addition, the extracted B 2p Fermi-level DOS is in good agreement with the theoretical prediction from

band-structure calculations.
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I. INTRODUCTION

The discovery of superconductivity at the transition tem-
perature T-=39 K in MgB, has stimulated a large number
of studies on the related metal borides.! Many investigations
have been focused on the transition metal-based diborides
with AlB,-type crystal structure because of the two-
dimensional honeycomb network between boron atoms,
similar to MgB,.? It is generally believed that the geometric
arrangement of B atoms plays an important role for the su-
perconductivity where the effect turns out to affect the elec-
tronic band features.? In addition to the AIB,-type phase, the
configuration of B atoms in other superconducting borides
have been carefully examined.* Recently, a comparative
study of physical properties in the normal and superconduct-
ing states of Re;B; and Re;B was reported by Kawano et al.’
Both compounds crystallize in different structures with space
groups of P6;/mc for Re;B; and Cmcm for Re;B, as shown
in Fig. 1. Results indicated that the physical properties are
relevant to the geometric arrangement of B atoms but no
further specific information, essential to interpret the rela-
tionship between the crystal structure and electronic proper-
ties, was obtained in that study.

Nuclear magnetic resonance (NMR) measurement is
known as an atomic probe in metallic alloys yielding infor-
mation on the Fermi-surface features.® In this work, we
present a systematic investigation of three rhenium borides
ReB,, Re;Bs, and Re;B by means of ''B NMR measure-
ments between 77 and 295 K. For comparison, we included
the nonsuperconducting ReB, (space group P65/ mmc) which
has the highest B:Re ratio among the binary Re-based
borides. This material has been reported to be a superhard
material’ and the strong covalent bonding of B-B and Re-B
has been proposed to be the key source responsible for the
unusual mechanical property.®'> Hence the present NMR
study of the electronic characteristics would provide an ex-
perimental insight for the comparison to theoretical predic-
tions.

II. EXPERIMENT

Polycrystalline samples were prepared from 99.99% Re
and 99.9% B by mixing appropriate amounts of elemental

1098-0121/2008/78(3)/033107(4)

033107-1

PACS number(s): 74.70.Ad, 74.25.Nf

metals, pressing the mixtures into small pellets, and melting
them in an Ar arc furnace. Each material was melted several
times, and the weight loss during melting is less than 1%. To
promote homogeneity, these compounds were annealed in a
vacuum-sealed quartz tube at 900 °C for seven days and
followed by furnace cooling.

Magnetic susceptibility was measured using a supercon-
ducting quantum interference device magnetometer (Quan-
tum Design Co. Ltd.). NMR experiments were performed
using a Varian 300 spectrometer, with a constant field of
6.944 T. A home-built probe was employed for both room-
temperature and low-temperature experiments.'?> Since the
studied materials are metals, powder samples were used to
avoid the skin depth problem of the rf transmission power.
Each specimen was put in a plastic vial that showed no ob-
servable "B NMR signal.

III. RESULTS AND DISCUSSION

In Fig. 2, we show the temperature dependence of mag-
netic susceptibility measured at 10 Oe under a zero-field-
cooled condition. For Re;B; and Re;B, they clearly exhibit
diamagnetic drops below the transition temperatures of ap-
proximately 3.1 and 4.6 K, respectively. The observed Ts
are quite close to the values reported by Kawano et al.,’
indicating a similar sample quality. Also the absence of su-

/’[\

T \ r‘@

o. o ./‘, _»-o &:o b\

ReaB (Cmcm)

8

(a) ReB2(P63/mmc) (b) Re7Bs (P63/mc)

FIG. 1. (Color online) Crystal structures for ReB,, Re;B3, and
ResB. The large red and small green balls represent the Re and B
atoms, respectively.
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FIG. 2. (Color online) Temperature dependence of magnetic
susceptibility measured at 10 Oe under a zero-field-cooled condi-
tion. The arrows indicate the superconducting transition tempera-
tures for Re;B; and ResB.

perconducting behavior in ReB, is consistent with the recent
observation although an early study of this material indicated
superconducting transitions from 4.5 to 6.3 K.!'# The discrep-
ancy has been speculated to be due to nonstoichiometric ef-
fects.

NMR central transition lines of the studied compounds
were obtained from the Fourier transform of the solid echo
pulse sequence at 295 K and spin-echo integral of various
excitations at 77 K. For each individual crystal structure,
there is a single B site, leading to a one-site NMR powder
pattern, as displayed in Fig. 3. There are no detectable
change in the NMR spectra and frequency shifts in the nor-
mal state, consistent with the typical feature for nonmagnetic
metals. While "B NMR resonance is dipolar broadened
(I= %), we found no visible satellite lines in a wide frequency
range. This could be attributed to the nonaxial symmetry for
the B crystallographic site. Within these structures, the cor-
responding asymmetry parameter 7=V, ,—V,,|/[V_] is ex-
pected to be large. Such an asymmetric effect will smear out
the edge of the satellite lines, resulting in the unresolved
transition lines in these compounds.

The ''B isotropic Knight shift (K) here was determined
from the position of the maximum of each spectrum with
respect to an aqueous NaBH, solution reference. As shown
in the inset of Fig. 3, the Knight shifts of these borides are
temperature independent, a typical response for ordinary
metals. For ReB,, an extremely small Knight shift of about
10 ppm was found, similar to other transition metal borides'>
as well as MgB, (Refs. 13, 16, and 17). Such a tiny shift
could be attributed to few s-character electrons at the Fermi
surfaces. In fact, recent theoretical calculations on ReB, in-
dicated that B 2p bands are all at the Fermi level with very
few s-boron electrons near the Fermi surfaces.®~'2 Also the p
electrons have little contribution to the Knight shift because
of a low hyperfine field from p states. This argument is valid
for MgB, in spite of its high B 2p Fermi-level density of
states (DOS). On the contrary, relative large Knight shifts
appear in Re;B; and Res;B, which is not likely due to p
electrons. Instead, s-character electrons could be responsible
for the observed shifts in both materials.
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FIG. 3. (Color online) ''B NMR central transition line shapes
for ReB,, Re;B;, and Re;B measured at 295 and 77 K. The dotted
line indicates the frequency for the zero ] Knight shift. The inset
shows the temperature-independent Knight shifts for these borides.

The spin-lattice relaxation time (7)) measurements were
carried out by centering the resonance frequency at
m:—%<—> +% transition line using the inversion recovery
method. We recorded the signal strength by integrating the
recovered spin-echo signal. In these experiments, the relax-
ation process involves the adjacent pairs of spin levels, and
the corresponding relaxation is a multiexponential expres-
sion. For the central transition with 7 =%, the recovery of the
nuclear magnetization follows:

M(t) — M(») __ a( Le—z/rl + ig—ﬁf/Tl)_ (1)

M() 10 10
Here M(z) is the magnetization at the recovery time ¢ and
M(e) is the magnetization after long time recovery. The pa-
rameter « is a fractional value derived from the initial con-
ditions used in our experiments. Our 7 values were thus
obtained by fitting to this multiexponential recovery curve.
While nonconduction mechanisms may contribute to the re-
laxation, they were excluded by the Korringa relation (con-
stant 7', T).'® In Fig. 4, the plot of 1/T, vs T demonstrates the
Korringa behavior shown as solid lines, indicative of a
conduction-electron mechanism for the observed relaxation.
The determined T,Ts are also enumerated in Table 1.

In paramagnetic metals, the spin-lattice relaxation rate
measurement is a direct probe of the features of the Fermi
surfaces.'® While the relaxation of nuclei in a metal is nor-
mally governed by their coupling to the spin of s-character
electrons, other mechanisms such as orbital and dipolar re-
laxations from p states become important when the Fermi-

033107-2



BRIEF REPORTS

1.2

o R682
o Re7B
A Re3B 2

0.2

OO T T T T T T
0 50 100 150 200 250 300
Temperature (K)

FIG. 4. (Color online) Temperature dependent g spin-lattice
relaxation rates of ReB,, Re;B3, and Re;B. Solid lines indicate the
Korringa behavior.

contact term is essentially small.?’ This is true for ReB,. As
revealed from band-structure calculations,’"'%1> only few
s-boron electrons appear in the vicinity of the Fermi level of
ReB,. The low s-character Fermi-level DOS N (Ey) should
have a minor contribution to the total relaxation rate, in
spite of a stronger hyperfine field arising from s electrons. A
convincing result can be established from the Korringa
ratio R=K’T,;T/S=0.01 for ReB,. Here S=K(T,T),
=2.57X107° sec K for ''B is derived from the contact in-
teraction with s electrons for both K and T,. Apparently, the
ratio much less than unity indicates that 7', could be driven
by other relaxation mechanisms different from s-character
electrons. This gives the dominant p orbital and dipolar re-
laxation rates as (1/7}),=(1/T}) o+ (1/T)gp.. It is worth-
while mentioning that a recent ''B NMR study of OsB, and
RuB, also showed the p electrons responsible for the ob-
served relaxation rates.”!

For the isotropic p orbitals, the experimental 1/7T can
be simply expressed as

3
(11, = 2 TN, ()P, 2)

with C=2hk3y2n. Here h, kg, and 1y, are the Planck constant,
the Boltzmann constant, and the nuclear gyromagnetic ratio,

TABLE I. Transition temperature, Knight shift, 7', 7, partial B s,
and 2p Fermi-level DOS in units of states/eV f.u. for each studied
boride.

Te K T,T
Alloy (K) (ppm) (sK) Ny(Ep)  N,(Ep)
ReB, =10 280+30 0.24
Re;B;  3.1+02 =160 40040  0.041

Re;B 46+03 =110 320=30  0.015
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respectively. N,(Ep) is the partial B 2p Fermi-level DOS
in units of states/eV spin. h}b represents the orbital
hyperfine field per unit orbital angular momentum and
can be evaluated using HZ;!’=2;/,B<F‘3>I,, where (r‘S)p is the
average over the occupied p orbitals. Taking an estimated
value of 1.65ay for the boron radius of p electrons in ReB,,"
it yields (r),=135X10% cm™, corresponding to
HYP=25x10° G. With the above relationship and
experimental NMR T,7, we can thus extract N,(Ep)
=0.24 states/eV f.u.. This result is in good agreement
with 0.2-0.3 states/eV obtained from band-structure
calculations,'®!! suggesting a reliable estimate for the
present analysis. It is interesting that the deduced N,(Ef) in
ReB, is approximately two times larger than in OsB, and
RuB,.?"?? In general, a higher Fermi-level DOS will reflect
itself to a larger bulk modulus and hence higher incompress-
ibility. With this accordance, our NMR study implies that
ReB, possesses a higher bulk modulus than OsB, and RuB,,
being consistent with other experimental results.”-?324

On the other hand, the above analysis would not be ap-
propriate for Re;B; and Re;B. As in the case of the Knight
shift, the Fermi-contact mechanism would dominate the ob-
served ''B relaxation rates. This argument is confirmed from
R=4 for Re;B; and R=1.5 for Re;B. The Korringa ratio
greater than unity is a common observation in ordinary met-
als, presumably due to additional contribution from the or-
bital shift and a slightly enhancement from electronic corre-
lations. With this respect, the s-character electrons would be
the major origin responsible for the relaxation rates in Re;B5
and Re;B, and the corresponding 1/7,T can be written as®

(T,\7);" = C[H) N (Ep) T, 3)

where Hj, is the hyperfine field per electron and N,(EF) rep-
resents the partial s DOS at the Fermi level. Taking
H;j,~1Xx10° G in B metals® and experimental T'Ts, each
individual Ny(E) can be obtained from Eq. (3). As one can
see from Table I, the extracted N(Ey) values are small in
Re,B; and Re;B. However, we consider that N(Eg) is not
neglecting small as compared to N,(Ey) for both materials.
This can be simply interpreted as the less hybridization be-
tween Re 54 and B 2p electrons in Re;B; and Re;B. Accord-
ing to their crystal structures, the covalent bonding in Re;B5
and Re;B is not expected to be as strong as in ReB,. As a
consequence, the B Fermi-level DOS is not predominated by
p bands. To further verify this point, other experimental and
theoretical DOS data of Re;B; and Re;B are highly desir-
able.

IV. CONCLUSIONS

We have a concise picture of the NMR features for ReB,,
Re;Bj, as well as ResB, giving an experimental viewpoint
for their local electronic properties. Analyses of the Knight
shift and spin-lattice relaxation rate indicate that p states are
dominant for the B crystallographic site of ReB, around the
Fermi surfaces. Agreement is obtained for the deduced B 2p
Fermi-level DOS as compared to theoretical results. On the
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other hand, the Knight shifts and relaxation rates of Re;Bj
and Re;B are mainly associated with s-character electrons.
We also extracted the s-component Fermi-level DOS for both
compounds and called for other experimental and theoretical
results for comparison.
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