
PHYSICAL REVIEW B VOLUME 52, NUMBER 16

"BNMR and relaxation study of boron nitride

15 OCTOBER 1995-II

M. Fanciulli*
Department of Physics, Boston Uniuersity, Boston, Massachusetts 02215

M. Corti
Department ofPhysics "A. Volta, "Uniuersity ofPavia, 27100 Pavia, Italy
(Received 23 December 1993; revised manuscript received 7 June 1995)

The different allotropic forms of boron nitride have been investigated by "8NMR and spin-lattice re-

laxation measurements. In the material with hexagonal symmetry the central transition is broadened by
second-order quadrupole perturbation and the related quadrupole frequency v& =e qQ/2h is found to
be 1.50+0.05 MHz, a result interpreted on the basis of charge transfer from B to N. The study of the
"8spin-lattice relaxation shows that the dominant mechanism is related to the presence of paramagnet-
ic centers, i.e., nitrogen vacancies, previously investigated by electron paramagnetic resonance. The re-

laxation mechanism due to lattice vibrations is relevant only in samples with a very low concentration of
paramagnetic centers. An analysis of temperature and Seld dependences of the magnetic relaxation rates
is carried out in terms of the competing processes of spin-diffusion-driven and electronic-relaxation-
driven mechanisms. Enlightening information on the relaxation regimes and the spin dynamics of the
paramagnetic centers is obtained from a comparison of the experimental endings with the theoretically
expected behaviors.

I. INTRODUCTION

Boron nitride is a wide band-gap semiconductor with
interesting properties from both physical and technologi-
cal points of view. Bulk BN shows a polymorphism simi-
lar to carbon, crystallizing in the hexagonal (graphitelike)
and in the zinc-blende structure. Due to the difference in
electronegativity between B and N, a significant charge
transfer from the B atom to the N atom is present. ' Thus
BN can be considered a polar material, and this yields the
differences with respect to the related carbon structures.
Hexagonal BN (h-BN) is a semiconductor with an in-
direct gap Es = 3.9 eV (Ref. 2) and D6t, symmetry.
Graphite, a semimetal, is isoelectronic to h-BN, but the
stacking arrangement of the layers is different. Favored
by the Coulomb attraction, B and N atoms are stacked
directly over each other, in consecutive layers. The zinc-
blende structure (c-BN), synthesized in 1957 (Ref. 3), has
an indirect gap E =6.4 eV (Ref. 4) and a lattice of Td
symmetry. Properties such as extreme hardness and high
melting point as well as interesting dielectric, thermal,
and optical characteristics lead to several potential uses
for c-BN, involving electronic, optoelec-
tronic, and coating applications. Reviews of the structur-
al and electronic properties of BN have been published by
Paine and Narula and by Galikova. Preparation, prop-
erties, and applications of BN thin films have been re-
viewed by Arya and D'Amico, while a general overview
on the device implementations of wide band-gap semicon-
ductors has been published by Edgar.

Ear1y "8NMR measurements had been performed on
hexagonal boron nitride by Silver and Bray, and from
the quadrupole coupling constant information on the
bonding electrons was extracted. To the author' s

knowledge, no measurements of nuclear relaxation rates,
either in "quasipure" BN or in samples with paramagnet-
ic centers, have been reported until now. It is
noteworthy that paramagnetic defects are present in all
BN structures' ' and they can affect several important
properties. The dominant center is the nitrogen vacancy
with an electron trapped therein, such as F centers in al-
kali halides. ' ' The samples have been analyzed also by
electron paramagnetic resonance (EPR) (Refs. 15—17)
and a study of the electron spin-relaxation properties of
the paramagnetic defect has recently been published. ' In
this paper we report the results of a "BNMR study of
bulk polycrystalline c-BN (prepared by high-pressure and
-temperature methods), pyrolitic h-BN, and thin films
prepared by reactive sputtering. From the second-order
electric quadrupole perturbation effects, information on
the electric-field gradients (EFG) at the nuclear site is de-
rived. "B spin-lattice relaxation measurements, carried
out in the temperature range 4—300 K and for two values
of the external magnetic Geld, are related to the dynamics
of the paramagnetic centers, and insights on their spin-
lattice relaxation and spin-diffusion process are obtained.

II. EXPERIMENTAL DETAILS

The BN films were grown by reactive rf sputtering
from a hexagonal boron nitride target in an atmosphere
containing a mixture of argon and nitrogen (total pres-
sure P, =2 mTorr, PN =10%%uo, power P =1250 W). The

boron nitride target was Carborundum grade AX20,
which contains 2%%uo Bz03. Films for this study were de-
posited on silicon (100) substrates (substrate temperature
T, =550 C) and self-supporting samples were obtained by
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dissolving the substrate in a solution containing HF and
HNO3. Details on the growth technique and sample
characterization have been reported elsewhere. ' ' As
reference for the hexagonal BN the same material of the
target has been used, while two difFerent cubic-BN sam-
ples have been studied; the General Electric Borazon
(GE/Borazon 80% c-BN+ 20% TiN, powder size
0.5 pm) and the translucent c-BN produced by Sumitomo
Electric (resistivity 10"—10' 0 cm, polycrystalline).
The NMR measurements were performed by means of a
BRUKER MSL 200 Fourier transform (FT) pulse spec-
trometer, mostly at Ho =5.9 and 1.6 T, corresponding to
the measuring frequencies vL =80.47 and 21.8 MHz, re-
spectively.

The spectra have been obtained by FT of the free in-
duction decay (FID) following a m/2 rf pulse or from FT
of half of the echo signal generated by a ~/2-r-m pulse se-
quence. The spin-spin dephasing time T2 was derived
from the amplitude of the echo signal as a function of the
time ~ between the two rf pulses.

The "B nuclear spin-lattice relaxation was studied by
monitoring the echo intensity m (t) as a function of the
time t after a saturation sequence. The relaxation rate
8 s were extracted from the behavior of the recovery law

y (t) =[m( ao ) —m(t)]/m( ao ). The relation expressing
y (t) in terms of W can be found by solving the master
equations for the populations N (t) of the Zeeman levels,
in correspondence to the appropriate initial conditions
induced by the saturating rf pulses (see Sec. IV A).

III. "BNUCLEAR QUADRUPOLE COUPLING-
RKSULTS AND DISCUSSION

The spin Hamiltonian for the "Bnucleus in BN with
paramagnetic centers is

fig~ p~HOI, —

+[e qQ/4I(2I —l)][3I,—I +g(I„—I )]

+Md; +&,„,
where the first term is the nuclear Zeeman interaction
with the external magnetic field Ho~~z, and the second
term describes the quadrupolar interaction of the EFG,
eq = V„being the largest principal value; eQ is the nu-
clear electric quadrupole moment; g is the
asymmetry parameter rj = ( V„—V~~ )/ V„, with

~ V„~ ~
~
V

~

~
~ V„~. In Eq. (1) &d; represents the dipo-

lar interaction between the "B nuclei and the other nu-
clei in the system, and &, „represents the interaction be-
tween the nuclear magnetic moment and an effective
magnetic moment of the center, through the dipolar and
contact interactions.

The last two terms do not contribute significantly to
the spectra; they are, however, important for the relaxa-
tion processes. The nuclear quadrupole interaction can
be treated as a perturbation of the Zeeman Hamiltonian.
To first order the frequency of the central line, related to
the transition between the m =—,

' and —
—,
' states, is not

changed. In a single crystal the satellite lines (+—,'~+—,
'

transitions) would be shifted by an amount given by

v&
=e qQ /2h times an angular function related to the

orientation of the magnetic field in the EFG principal-
axis frame of reference. Thus in a powder the satellite
lines are distributed over a frequency range of the order
of 2vti, with weak singularities at +v& /2 that are difficult
to detect. In our samples, due to the low sensitivity at
small field and possibly to a distribution of EFG, it
turned out to be impractical to derive the strength of the
quadrupole interaction from the singularities of the satel-
lite lines. The broadening of the central line due to the
powder distribution of the second-order quadrupole per-
turbation was used instead.

For trigonal or higher symmetry (7)=0), the powder
distribution of the central line is given by'

r

[(5+3x ) ' +(5—3x )
'i ]/4x,

vL
—16M /9& v& vL

(5—3x) '~ /4x, vL &v&v~+A(v)= '

0 everywhere else,

(2)

where

x = [16/9+(v —
vL )/3 ]'

I(I+ 1)——,
'

16vL

2
3e qQ

2I(2I —1)h

2532—
9

25vg

48vL
(3)

The spectra for pyrolitic h-BN and for the BN film, ob-
tained from the FT of the FID, are shown in Fig. 1(a). It
is noted that the deposition process in the film does not
induce sizable variation in the EFG's at the B site. The
line corresponds to the central transition with second-
order quadrupole broadening. This conclusion is sup-
ported by the fact that the correspondent signal was max-
imized by a pulse length close to one-half of the one max-
imizing the "BNMR signal in a solution of HBO3. The
separation between the two peaks, observed at vL =21.8
MHz, was found to be 62=54+2 kHz, practically in-
dependent of the temperature in the range 10—430 K.
The peak separation 62 becomes 46+3.5 kHz at vL =24
MHz and 15.0+0.2 kHz at vL =80.47 MHz, inversely
proportional to vL as expected from Eq. (3) [see Fig.
1(b)]. The shift of the NMR line with respect to the
reference solution turns out to be negligible, supporting
the conclusion that an effective field at the "B site from
the paramagnetic centers is mostly of dipolar origin. In

I(I+ 1)——'
4

vg
16vL

If the actual line shape due to the nuclear dipole-dipole
interaction is Gaussian with a half width o much smaller
than the distance between the singularities of the powder
spectrum hz, one can immediately evaluate 3 and the
quadrupole coupling frequency v&. For I= —,

' (see inset in

Fig. 1) one has
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pole effects related to the presence of dislocations, local
stresses, and defects. In fact, from measurements at
different fields a slight decrease of 5 is observed, con-
sistent with a fraction of about 80%%uo of broadening of
quadrupolar origin and 20%%uo of magnetic origin, namely,
from the powder distribution of paramagnetic dipolar
fields. Finally, from the spectra in Fig. 1(a) for the BN
film, one can observe that a small amount of cubic BN is
also present, causing the bump at zero frequency and
consistent with x-ray-diffraction observations. '

IV. "BNUCLEAR RELAXATION RATES

A. Results

For a relaxation process driven by the time dependence
of the quadrupole interaction due to lattice vibrations,
the recovery law expected for the "B(I=—', ) relaxation is

y(t) =
—,'e ~' + —,'e

where the quadrupolar transition probabilities 8'&, and
8'&2 correspond to Am =1 and 2 transitions, respective-
ly. In powder samples usually W&, ——W~2 and an ex-
ponential recovery is essentially observed.

For a magnetic relaxation mechanism associated with
the fluctuations of the effective magnetic field at the nu-
clear "B sites [see Eq. (4)] and in the presence of static
quadrupole interaction, the recovery law is given by—128' —2Wy(t)=ce +(1—c)e, where W is the mag-
netic relaxation transition probability. The constant c is
0.9 for irradiation of the central line with a single rf pulse
and c=0.6 in the case of irradiations with a rf pulse se-
quence much longer than 8' '. It should be observed
that for a single saturation pulse (i.e., c =0.9) the
recovery law in the first decade of the measure (y ~0. 1)
is approximately exponential with a time constant

T, =(11W )

Only in the second decade (y ~ 0. 1) is a sizable departure
from the exponential recovery noticeable. However, the
precise estimate of y (t) in the second decade is hampered
by the small difference m( cc )

—m(t), of the order of the
noise.

In the h-BN sample, with few paramagnetic centers
(X 5 10' cm ), an exponential recovery was observed,
yielding a very long relaxation time (Ti ~ 120 sec). Both
of these features indicate that the relaxation process is
driven by quadrupole interaction. The frequency and
temperature dependences of the relaxation rate support
this conclusion. That is, no vI dependence was observed
and we found T, ' ~ T, characteristic of a Raman two-
phonon relaxation mechanism driven by lattice vibra-
tions.

Relaxation measurements have been carried out also in
cubic BN samples with different values of the paramag-
netic center concentration N. The absence of static qua-
drupolar interaction (EFCx is 0 in cubic symmetry) im-
plies a common spin temperature, and, for magnetic re-
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FIG. 2. Recovery of the effective "Bpuclear magnetization
(+ 2

—
—,
' central line) for BN film at T=295 K (a) and T=15

K (b). Open squares ( ), HO=5. 9 T; closed circles (~ ), 1.6 T.
The solid lines are the best fits for the long-time exponential
component (a is the extrapolation at t =0).

laxation mechanism, an exponential recovery law with
time constant Ti =(2W~ ) . The random distribution
of the paramagnetic centers introduces a site-dependent
relaxation rate 8' . ' At short time one has a fast de-
crease of y(t), and only after this transient one has an ex-
ponential recovery ' yielding the time constant T, .
The recovery in cubic BN is similar to that observed in
BN films and shown in Fig. 2(a), where the exponential
part is well evidenced for t ~ 1 sec. As expected, with the
increase of the concentration N of paramagnetic centers
the relaxation rate is increased: the exponential long-time
component yields relaxation times much shorter than the
ones in the samples at low concentration (see Table I).

For the BN films a transient in the recovery law at
short times is also present. Then the exponential part
sets in, yielding a time constant given by Ti =(11W)
as indicated in Eq. (6). The temperature and field depen-
dences of the relaxation rates, extracted from the ex-
ponential part of the recovery in a BN film with a con-
centration of paramagnetic centers X=6X 10' cm
are shown in Fig. 3.

The transient part of the recovery will be discussed in
more detail in Sec. IV B. Here we only mention that the
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TABLE I. EPR and "BNMR parameters of BN samples (1)
at room temperature and Ho =0.32 T; (2) at room temperature
and Ho =5.9 T; (3) translucent BN; and (4) borazon.

Sample

h-BN
BN film
c-BN (3)
c-BN (4)

g value

2.0029+0.0004
2.0026+0.0004
2.0037+0.0004
2.0039+0.0004

N
(cm )

3 X 10'
6X 10'
6X10"
4X 10'

Ti, (1)
(psec)

21
16

3
2

Ti„(2)
(sec)

120
1.8

40
3.7

10

10

H=59T
~ H = 16T0

0
O

—2
10

.4-
(

.3-

50 100
T (K)

10
10

I I I I 1 1 I I

10

FICx. 3. Relaxation rate T&
' -—118' as obtained from the

long-term behavior of the recovery (see Fig. 2) in BN film as a
function of temperature (open squares, Ho =5.9 T; closed cir-
cles, 1.6 T). In the inset the weight of the exponential com-
ponent of the recovery (a in Fig. 2) is reported.

form of the recovery is practically independent of field
and temperature, down to T=50 K. Below T ~ 40 K the
weight of the exponential part corresponding to the ex-
trapolation at t =0 of the long component of the
recovery exhibits a rather sharp reduction (see inset in
Fig. 3). This effect could be related to the interplay be-
tween electronic and nuclear relaxation times: an increase
of the "Brelaxation time can be expected to enlarge the
time interval before the occurrence of the exponential
recovery.

For the analysis of the experimental results, given in
the following subsection, some EPR data (already pub-
lished elsewhere' '

) are recalled here. Except in the
case of h-BN, where the superhyperfine structure can be
resolved, for BN film and for c-BN the EPR line is inho-
mogeneously broadened. The line shape is gaussian and
its width is an order of magnitude larger than that of the
single unresolved components as estimated from hexago-
nal BN. This condition satisfies Castner's assumption
in the derivation of the relaxation parameters from the
saturation of the V-center resonance in alkali halides.
Therefore, this procedure has been used in order to
derive the electronic spin-lattice relaxation time T„. The
relevant EPR results are reported in Table I. In the tern-
perature range 15—300 K, Tt„' in BN film was found to
depend linearly on temperature. The value of T&„mea-
sured in Q band (Ho = 1.2 T), is Ti, —10 sec, indicat-
ing a quadratic field dependence of T,,'. The behavior of
the electronic spin-lattice relaxation rate was found to be
of the form T,, ' ~ TH .

W =
t J+ (a)0)+J (Ci)0)]

8
(7)

where J+ are the spectral densities for the correlation
functions of the transverse components of the effective
field h+ at the nuclear site [Eq. (4)]. For the fiuctuations
due to the electronic spin components, by specializing the
spectral density and by taking into account the fact that
the electronic Larmor frequency is much larger than the
nuclear one co„one obtains, ' for the relaxation rate of
the nucleus at distance r from the paramagnetic center,
the expression

2 2@2
2W (r)= — S(S+1)m 1+co r 1'

where r, =T„/2m is an effective correlation time. Due
to the inverse sixth-power dependence on the distance,
only the nuclei nearest neighbors of the paramagnetic
center would have a relaxation rate comparable with the
measured one. However, spin diffusion ' ' acts as an ad-
ditional mechanism, enhancing the effectiveness of the re-
laxation process. Thus the nuclear magnetization M(r, t )

obeys the equation

=DU M QC~r —r —
~

(M —M ),
Bt n 0

n

(9)

where Mo is the equilibrium value in the applied magnet-
ic field and rn the position of the nth paramagnetic
center. The diffusion coefficient D in Eq. (9) is given ap-
proximately by D =t2 /kT2, with t2 lattice constant and k
a constant depending on the lattice (k -50 for a cubic lat-
tice). '

The relaxation can be described in terms of four pa-
rameters: the internuclear spacing a, the average spacing
between paramagnetic centers R =(2nN) '~, th.e pseu-
dopotential radius P, and the diffusion barrier radius b.
The field in Eq. (4) affects the Larmor frequency of the
nuclei close to the paramagnetic centers, inhibiting the
spin-spin transitions with the remaining nuclei. The ra-
dius b is the distance at which the magnetic field due to
the paramagnetic center equals the local nuclear field

'

3( )
'1/4

Pe
(10)a,

where (p, ) is the eff'ective electronic moment.
The radius p is related to the ratio between the relaxa-

tion rate due to the paramagnetic center and the one as-
sociated with the nuclear spin diffusion. One has
P=(C/D)' . For P sufficiently large all the nuclei are
practically relaxed by a paramagnetic center. The pa-
rameter 5=p /2b (Ref. 37) can be introduced to identify
two different regimes. For 5«1 the nuclear relaxation
process is driven by the electronic relaxation time (rapid

B. Analysis and discussion

In the weak-collision approach the nuclear spin-lattice
relaxation rate due to the time-dependent part of &„,
[Eq. (1)] can be written
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where I~ =i J~(ix) is the modified Bessel function,
which in the limiting conditions reads

3m=8 XPD ~
2b

XCb ', 5 «1,4~
(12)

W= XDP= XC "4D"4, S»1,8m 8m.

3 3
(13)

while a transition region occurs for 0.4 ~ 5 ~ 2.0.
Any attempt to compare the theory and the experi-

mental findings of the nuclear relaxation rate involves
knowledge of the concentration and the field and temper-
ature dependence of T„ofthe paramagnetic centers. On
the basis of Eq. (11), with D =a /50Tz, N as reported in
Table I, C from Eq. (8), and r, = T„/2n. , with
T i, ' =dTH (where d is derived from the data at
HO=0. 32 T), one can predict 8' without adjustable pa-
rameters. The comparison between the theoretical pre-
diction and the experimental results for BN film is shown
in Fig. 4. One notes that the absolute value of 0' is well
reproduced and the field dependence also appears in qual-
itative agreement with the overall picture. It is noted
that the quasi-independence of Ho is essentially due
to a compensation effect. In fact, for slow spin Auctu-
ations (i.e., Ti, coL »1) one has W'o- (TiecoL )

10

10

—2
10

10

difFusion). When 5»1 the paramagnetic center releases
the energy to the lattice much faster than the process
diffusing the nuclear magnetization, and, therefore, the
diffusion is the limiting process (diffusion limited). The
initial lack of a common spin temperature induces in the
nuclear relaxation a transient regime of the order of
C'~ /D ~, where the recovery is not described by an ex-
ponential law. At longer time the recovery is exponen-
tial and a relaxation rate 8' can be defined. Since the
concentration of paramagnetic centers in our samples is
such that P«R, each nucleus is under the influence of
one paramagnetic center only, and from Eq. (9) one
derives

I ( 4 )&3y4(&)&=8m'

~ (H ~y H )
' =y . As regards the temperature

dependence, the behavior of the relaxation rate is rather
well reproduced for T~40 K. A departure seems to
occur only in the low-temperature range, where the re-
gion of nonexponential recovery appears to increase (see
inset in Fig. 3).

Finally, a corn.ment on the transient regime of the
recovery law is in order. If in the evaluation of the
diffusion coeKcient D one simply uses Tz=150 psec,
then the time interval for the transient C'~ /D ~ is of
the order of a tenth of a second, a value considerably
smaller than the experimental observation (see Fig. 2).
However, one should observe that the effective difFusion
coefficient is much smaller than a /kTi, since the
second-order quadrupole interaction causes a spreading
of the +—,

' Zeeman levels, thus hampering the spin-
energy-conserving transitions. By using for C the value
C=1.26X10 cm sec ' (at T=100 K) and by de-
creasing D by a factor of the order of the ratio of the
effective linewidth over the "Bdipolar one, then one ob-
tains a transient interval of the order of the one experi-
mentally observed. On the other hand, the modification
of the effective diffusion coefficient does not afFect the es-
timates of the long-term W, since the regime of rapid
difFusion is dominating [see Eq. (12)].

V. CONCLUSIONS

NMR spectra and relaxation measurements in BN
films have been used to derive information on the EFG at
the B site, the related electronic charge distribution, and
the role of the paramagnetic centers (nitrogen vacancies)
in driving the nuclear relaxation process. From the
quadrupole second-order perturbation of the "BZeeman
central line the quadrupole frequency v& =1.5 MHz has
been derived and this result interpreted in terms of
charge transfer from boron to nitrogen. While in the case
of a small concentration of paramagnetic centers
(N ~ 3 X 10' cm ) the relaxation process is driven by
the lattice vibrations through the time dependence of the
quadrupole interaction, for a sample with X ~ 10' cm
it is proven that the dominant relaxation mechanism is
driven by the paramagnetic centers assisted by nuclear
spin diffusion. A comprehensive explanation of H and T
dependence of the "B relaxation rates has been given by
using for the electronic spin-lattice relaxation time the
extrapolation at high field of early EPR results obtained
at lower magnetic field. The competition between the
spin-difFusion-enhanced relaxation process and the one
directly driven by the fluctuation of the effective magnet-
ic moment of the center has been addressed.
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