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Magnetic properties of wurtzite GaN are studied by Ga nuclear magnetic resaiNi8d in a GaN bulk
crystal containing a high carrier concentration, as well as in highly resistive Mg-doped crystals. The quadru-
pole coupling constant is derived from satellite lines and from the shift of the central line in the quadrupolar
perturbed®®7'Ga NMR spectra. The electric-field gradient is in good agreement with the value calculated by
the ab initio full-potential linear-muffin-tin-orbital method, using the local-density approximation to describe
exchange and correlation effects. Te"'Ga spin-lattice relaxations in the Mg-compensated sample in the
range 80—400 K are due to the quadrupolar interaction mechanism, similar to what is observed in GaAs, and
the proper scaling factor, given by the square of the ratio of the nuclear quadrupole moffEneQ)?, is
observed for the two isotopes. In contrast, in the conductive sample, the relaxation mechanism is caused by
magnetic interaction with the conduction electrons and one finds a relaxation\faf€, The isotope ratio
5W/ W is close to %y/™1y)?, wherey is the gyromagnetic factor. Only above 200 K, there is evidence of a
relaxation process due to interactions with phonons also in the degenerate sample, with a temperature depen-
dence approximately of the forw«= T2, consistent with a Debye temperature around 600 K.
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[. INTRODUCTION talline Hartree potentiaV/y ,_,. The tensor elements are
GaN is a wide band-gap semiconductor which crystallizes V. — ‘92VH,€=2 )
in the hexagonal wurtzite structure. It is extensively consid- U axiax

ered for many optoelectronics and microelectronics devices _

such as blue-light-emitting diodes, ultraviolet lasers, andDenoting the eigenvalues of by V,,, V,,, andV,, with
high-temperature, high-field heterojunction bipolar devices. |Vy| <|V,y|<|V,/], the EFG per definition is equal 1,,,
Recently, the spintronic application potential of this semiconwhile the asymmetry parameter

ductor has been tested by measuring the electron-spin coher-

ence and dephasing intype GaN epilayers using time- _ Vi Vyy )

resolved Faraday rotation. K V,,

Bulk GaN smgle_cryst_als can be grown in the Wurt2|teIies in the rang@0,1] (sinceV,+ Vou+V,,=0). Due to the
crystal structure using high-pressure and high-temperature . Y . .

4 . . symmetry of the wurtzite crystal structure, the major axis of
methods** Small needles or platelets having a very high

. . ; the EFG tensof* z direction”) is along thec axis, andy is
crystal quality and a very high concentration of free electron
have been obtained. Semiinsulating transparent platelets can Tﬁe EFG at the regular Ga lattice position was earlier
also be grown by doping the crystals with Mghe n-type determined to be 6.7510%°V/m? using magic angle

conductivity of the as-grown samples is due to native dexsmple_spinning nuclear magnetic resonance measurements

fects. The nature of these residual donors is still controversiethAss NMR) on GaN powde?. However, data have been
and either the N vacanlyr the Ga antisitehave been pro- analyzed using a nonzespparameter equal to 0.25 which is

posed. Mg-doped GaN samples are highly resistive anfly consistent with the hexagonal wurtzite crystal structure.
transparent. The dimensions of these crystals are suitable f@fptically detected electron nuclear magnetic resonance
conventional nuclear magnetic resonaid®R) and relax- ODENDOR) gavé V,,=6.5+0.2x 10?° V/m? at a defec-
ation measurements, which due to sensitivity problems, arg. o . site assumed to be interstitial. Overhauser shift
impossible on epilayers. In addition, the availability of both 45 pie-resonance experiments on the ditdryielded the
conductive and resistive_ samples allows the investigation o FG value 7.052 0.04x 102° V/m2. The double-resonance
th? influence ,Of the carriers on the NMR spectra and re'axdata were consistent with an axially symmetric EFG tensor,
ation mechanisms. _ i.e., n=0. The ODENDOR as well as the Overhauser shift
The electric-field gradieEFG) tensorV is related to the  experiments detect mainly nuclei of the defect or nearby the
nonspherical partin fact, the¢ =2 componentof the crys-  defect, while NMR detects all nuclei in the crystal. However,
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due the delocalized nature of the defect wave function, the v =16.5 MHz
hyperfine coupling is with many nuclei and the measured 30 —_— L
EFG should be very close to the EFG determined by NWR.

In this paper, we report NMR measurements of the EFG 251
in bulk GaN having the wurtzite structure. Both highly con-
ductiven-type crystals and Mg-doped resistive crystals have 207
been analyzed. The experimental data are compared with cals ]

2
A=25/48 (v'I v,)

culations based on thab initio full-potential linear-muffin- =
tin-orbital (LMTO) method, where the local-density approxi- &
mation(LDA) to the density-functional theory has been used x
to describe exchange and correlation effects. The Ga nuclea

spin dynamics in GaN has also been investigated in the tem: 5'_ e NS T
perature range 10—400 K. The influence of the free carriers KHz >
on the EFG and on the relaxation mechanisms is discussed isaef  -1.ox10°  -5.0x10° 00  5oxio  1.0010°  1.5x10°
Av (Hz)
Il. EXPERIMENTAL DETAILS FIG. 1. Central line NMR spectra at 16.5 MHz félGa (solid

) ) line) and for ®*Ga(dashed ling as obtained from Fourier transform
GaN bulk crystals in the wurtzite structure were grown of the half echo signal in powdered GaN.

from a gallium solution with a high-pressure methdd.
Crystals grow in the form of platelets 4—10 mm in diameter
and having a 0.1 mm thickness. The GaN crystals are highly
conductive, showing metallic behavior, in the temperature A. Spectra and estimates of EFG
range 4.2-300 K, with free-electron concentration of
10°-1°cm 2 and mobilites in the range of
30-90 cmd/Vs, independent of temperatulre.

The NMR measurements were carried out on single crys
tals having different free-electron concentrations: Sample |
with an electron concentration of aboux30'° cm™ 2 as de-
rived from the longitudinal-optical phonon-plasmon coupled-
mode frequency?! and sample II, a highly resistive Mg-
doped GaN crystal.

Ill. RESULTS AND DISCUSSION

Due to the presence of the EFG related to the noncubic
symmetry, ®®7'Ga (1 =3/2 for both isotopesNMR lines are
split into three components. The central line transition
(+1/2—1/2) is affected by the quadrupole interaction to
the second order, while the satellite lines3/2— +1/2) are
shifted to the first order by an amount depending on the
angle between theaxis (alongc) and the external magnetic
field. The quadrupolar coupling constant is relatedwig
throughvo=eQV,/2h, whereQ is the nuclear quadrupole
TRoment andh is Planck’s constant. A first, rough estimate of

of a BRUKER MSL 200 Fourier-transforrFT) spectrom- . . o
i ; vq was obtained for a powderlike sample consisting of many
eter and a MID-CONTINENT spectrometer, mainly at the small single crystals. In the powder sample, the pulse length

magnetic-flux densities 9 and 1.5 T, corresponding to the __°. ~._. 697 . .
resonance frequenciéfy, =92 MHz, 7Ly, =116 MHz and maximizing the®"iGa NMR signals is close to half of the

69, =16.5 MHz, "y, =20.4 MHz, respectively. The line /2 pulse for Ga nuclei in a reference solution, supporting

o : the conclusion that the satellite lines are practically not
shape for the centrali{1/2 —1/2) transition was obtained ;. jiate 14 For the central line, in the case of axial symme-
by Fourier transforming the free-induction decay or collect-

ing and then FT the second half of the echo signal. Thé[ry as in the hexagonal GaN, an asymmetric shape is ex-

: _ 2
complete spectra including the satellite lines were measurz@e(:ted’ with two peaks separated by, =25/ 48g/v, . In

from the envelope of the echo intensity as a function of th .
irradiating frequency. The extra broadening of the line in_lso.topes'at 16.5 MHZ are 'reported. A good echo S|gnal—to-
noise ratio was obtained with ar(2)—m rf pulse separation

duced by the radio-frequencyf) spectral distribution . . .
(~100 kHz) does not affect the determination of the satelliteOf 100 us. In fact, the dephasing time of the echo signal

T _ 69T _ e
line positions. Thé?®7iGa nuclear-spin-lattice relaxation was UrMS OUt T,=700 us and*T,=550 us. These values in

stuced by monforing he echo nlensi) s a uncion (<412 1 lhe source of e i s so releaton
of the timet after a saturation sequen¢en(0)=0]. The P P

relaxation rateW was extracted from the behavior of the E?g;jecgi;heo?‘r?ﬁé cl?];g.s‘lis(,)isgue:ﬂégtrmsgcsga:rzst:gg f,'gt?,ﬁ;n
normalized recovery function 9 y P

the peaks leads t6'A,=25 kHz and®®A,=59 kHz, corre-
sponding to a’'v4=0.89 MHz and %%v4=1.37 MHz, re-
y(t)=[m(e) —m(t)]/m(=), (3)  spectively. For’'Ga, vq was also measured from the sepa-
ration between the satellite lines symmetrically, placed with
respect to the central line and caused by the first-order qua-
taking into account the solutions of the master equations fodrupolar effects, giving 71vQ=0.85 MHz. In order to
the populations of the Zeeman levels with the proper initialachieve a better estimate of the EFG and to evidence a pos-
conditions induced by the saturating rf pulsésee Sec. sible contribution due to the conduction electrons, the mea-
lc). surements have also been performed in small single crystals

ig. 1, the FT of half of the echo signal for the two Ga
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FIG. 2. ®Ga rotation pattern for highly conductive Gadample

1) (a); and for Mg-doped GaNsample 1) (b). The solid curves FIG. 3. Echo envelope spectra f8iGa (a); and for "‘Ga isotope
show best fits according to the theoretical expression for the secon@), in highly conductive and in Mg-doped GaN crystals. The spec-
order quadrupolar shift of the central line. tra were taken with the crystalaxis (z direction perpendicular to

the magnetic field, where the satellite separationiig 2

with ‘and without carrier-compensating Mg impurities. In while polarizations induced by the nuclear quadrupole mo-

single crystals, both the second-order shift of the central ”n?nent itself are of minor importandd A summary of the data
and the first-order shift of the satellite lines as a function o is given in Table |

the angled between the magnetic fiell and thez direction The rotation patterns fof°Ga in GaN single crystals
9 7 _

were measured fotGa and 1Ga_ atB=9 T. From the total  (sample | and sample)lshown in Fig. 2 are shifted relative

amplitude of the central line shift as a function of the angle

6, [see Figs. &,b], namely,Av=S,__,,—S,- ;4 and from TABLE I. Quadrupolar coupling constants and EFG data.

the expected expressi’é‘nAv=33/64vé/ v, one derives I_Dresent work, from the shift of the central lik@, from the_ satel-
69VQ: 1.41 MHz for sample | and69vQ=1.43 MHz for lites (b); MASS-NMR on pOV\_/deriRef. 8 (c); ODMR on epilayers
sample 1I. From the first-order shift of the satellite lines (Re" 9 () Overhauser shift double resonan@ef. 9 (e). The
(Figs. 3, one obtains 69, —1.38 MHz and 71VQ coupling constants are in MHz, and the EFGY/,,, in units of

0 2
=0.88 MHz for sample | and®vy=1.35 MHz and "‘vq 10 vim?.
=0.86 MHz for sample II. The values ofg are practically Sample | Sample II
identical, within the experimental error af 30 kHz, in the 09Ga Ga 69Ga Ga
doped and undoped samples, indicating that the EFG is nat
significantly affected by the conduction electrons. The quawvq (a) 1.41 1.43
drupolar coupling constant$®vo=1.38 MHz and vg  vg (b) 1.38 0.88 1.35 0.86
=0.88 MHz correspond to the EFG valuédV,,=6.77 V,, 6.77 6.88 6.65 6.72
X107 V/m? and "V,,=6.88<10°° V/Im?, respectively. v (c) 1.4 0.85
Since the two isotopes are in equivalent positions, the aImosIQ (d) 1.32 0.84
equal EFG values indicate that the electric-field gradient is,Q (e) 1.432 0.906

primarily caused by the charges surrounding the nuclei
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to each other by=3 kHz. This is probably due to the hyper- 10 ' ' '
fine interaction with the conduction electrons. However, a a)
guantitative analysis is difficult as the estimated experimen-
tal error is almost of the same magnitude.

B. Theoretical calculation of EFG
GaN

o0l c/a=1.627 _

EFGga (10%°V/im?)
>
T
/

The hexagonal phase of GaN has the wurtzite structure,
space group No. 186P6;mc) with atoms in the Wyckoff
2b positions, Ga (1/3,2/3,0 and N: (1/3,2/3)). The
experimentdf '8 values of the axial rati@/a=1.627 and 30 . ! .
the c-axis bond-length parametar=0.377 are rather close to 0372 0374 0.376 0378 0.380
the ideal values/8/3 and 3/8. These parameters were also 10
found in Mg-doped samplé$. GaN

The wurtzite-GaN calculations included in Ref. 19 were 03785
performed with ideal structural parameter values, it was 0\ B |
10+ -

demonstrated in the case of AIN that even small changes in
c/a andu produce significant changes in the band structure,
in particular, at the valence-band top. Also, since the struc-
tural parameters vary with applied presstfté, follows that
deformation potentials involving gap edge states can only be
accurately calculated if the volume dependence/afandu
is properly taken into account.
Using all-electronab initio total-energy minimization as Voo 1610 1620 1630 1630 1850
in the cas® of AIN, we have now determined theoretical cla
structural parameters for GaN, and we further demonstrate
that the electrical-field gradients are very sensitive to the FIG. 4. Calculated electrical-field gradients, EfCon the Ga
values of these internal parameters. Denninger and R@iseSite in GaN. In the upper figur), thec/a ratio was kept fixed a
measured the EFG's on Ga as well as on N in GaN, and it i§'627' the experimental \_/aIL_Je. The vertical line marks th(_e experl-
shown below that a set ot(a,u) can be determined such mental value ofu. In (b) uis f_|x¢d '[9 0.3785, the value_ obtalned in
that the calculated EFG values agree simultaneously with tht € p/l’eserllt totall-er:etrgé/ gpt;tr:uztat:olrjs. Here thf. ve rt't(.:al line marks
experimental data for both atoms, and that these structural®c ¢/ Value calcuiated by the fotal-energy optimizations.
parameters are close to what was obtained by x-ray
diffraction'® and by total-energy optimizations. are included in the open regions of the unit cell. Although
The electronic structure of GaN was calculated within theusually not needed, we included a few orbitadike) on the
LDA to the density-functional theory, and the one-electronempty-site positions in the basis set since these affected the
Schralinger-like equation was solved by means of theEFG values by~1%.
LMTO band-structure methdd in a full-potential (FP) At ambient conditions, the experimerifallattice con-
implementatiorf>?® This method expands the electron wave stants of GaN ara=3.190 A andc=5.189 A. Keeping the
functions in terms of muffin-tin orbitaf; which are atom- volume fixed, and equal to its experimental value, we found
centered Neumann functions augmented inside muffin-tithat the structural parameters which minimize the LDA total
spheres by the numerical solution of the radial scalarenergy aree/a=1.616 andu=0.3785. Otherb initio calcu-
relativistic Dirac equation in the self-consistent crystal po-lations also gave results close to the experiméhiadlues.
tential, together with the energy derivative of this solution.Using a plane-wave basis and pseudopotentials, etet 2
This construction has proven very accurate for solid-statéound (c/a,u)=(1.633,0.378) without inclusion of the Ga-
calculation$* We used three different decay constants for3d states as valence states. Wright and NeiSused a simi-
the envelope functions. The basis set used included for Ga da&r method, but included the d3 states, and found
well as N in the valence-band regime 3 orbitalssatharac- (1.626,0.3779 i.e., almost the same values as meastifed.
ter, 3X 3 orbitals ofp character, X5 orbitals ofd character, Kim et al?® determined the parameters to (1262,0.379. If
and 2xX 7 orbitals off character(in short: 3, 3p, 3d, 2f). our values are rounded off, they coincide with these, and this
The semicore Gastates were included among the valenceis not unexpected since Kimt al. also used FP-LMTO and
states in the form of “local orbitals?® Polarization effects LDA, and the codes are very simil&r.Fixing c/a to its
on lower-lying core states are assumed to be insignificant foexperimental value, Wei and Zung&found u=0.3768.
the EFG value$® No shape approximation for the crystal ~ The calculated values of the EFG’s depend sensitively on
potential is invoked. The crystalline charge density is evaluthe structural parameters. For example, assuming an error bar
ated exactly within muffin-tin spheres, while in the intersti- of =1 per mil on u, we obtain EF@,=—5.1+-1.3
tial region, an interpolation scheme is used to obtain thex 10?° V/im? for the experimentaf (c/a,u). For the Ga site
charge density? To further increase the accuracy of the in- in GaN, this is illustrated in Fig. 4, wher@) shows the
terpolation scheme, additional “empty” muffin-tin spheres variation withu for fixed c/a (the experimental valyeand

EFGg, (10%°V/im?)

20+
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0.5 . . . . T T set, for which the calculated EFG’s for Ga as well as N agree
GaN with the experiments of Ref. 10. The theoretical calculations
0.0- L1428 . mentioned above, and the x-ray results, are also marked in
E %ﬁf’e/// Fig. 6. . .
> -05- " . Some of the samples used in the experiments have excess
Ng 1812 electron concentration. Since this might affect the values of
& 1o 102 - the EFG's, we performed calculations for different doping
e levels. This was simply done by defining a suitable Fermi
45k / i level in the conduction-band regime, and subsequently, de-
riving the electron concentration and EFG values. The struc-
20 | ! ! ! ! tural parameters were kept fixed, chosen to o&
0.374 0.376 0.378 0380 =1.6264, u=0.377. The results obtained are for four
N electron concentrations (in  units of 16°cm d)
FIG. 5. Calculated electrical-field gradients, EF@n the N site  (0.0,2.2,4.4,22.0 EFGs,=(—5.054,-5.059-5.063,
in GaN vsu for selectedc/a values. —5.134)x10°°V/m?> and  EFG=(—1.055-1.062,
—1.066;— 1.114)x 10°° V/Im?.
(b) gives the variation of EFG, with c/a whenu is kept at This shows that variation in the electron concentration

the theoretical valu¢0.3785 obtained by the present opti- only weakly affects the field gradients, in agreement with the
mization. The vertical lines itfa) and (b) mark theexperi- ~ €xperimental data.

mental uvalue, and theheoretical da value, respectively.

The corresponding calculated EEQvalues are almost iden- C. ®971Ga relaxation mechanisms

tical, —5.33<10°°V/m®. In magnitude, this is a little The NMR relaxation mechanism was studied through the
smaller than found in the present exoperlmzent and thus alsfémperature behavior of the relaxation ratés the range
small(()ar thzan the valueos 7'95302 Vim® and 7.046  om 10 to 400 K and by comparing the relaxation rates of
x10° Vim®, igé004>< 1g2 VIim®, measured by Denninger o o isotopes. Furthermore, the recovery laws also can
and Reiséf for ®Ga and"'Ga, respectively. The calculation provide some insights into the relaxation mechanisms. For a

represented in Fig. 4 alone does not allow us to' select thgs|axation process driven by the time-dependent quadrupole
“best” set of structural parameters. However, this can benteractions. the recovery function, E(), for 1=3/2 is

done if the EFG on N is taken into account. Figure 5 Showﬁiven by the expression

how EFG, varies withu for a set of fixedc/a values. The

experimentdf value of the magnitude of ERGis 0.788 y(t)=3exp(—2Wqst) + zexp( — 2Wst), (4)
+0.02x 10%° V/m2. From the full set of calculated field gra-
dients vsc/a andu, we determined the relations between the
parameters which fulfill EFg,(c/a,u)=-7.053 and
EFGy(c/a,u)=—0.788, in units of 18 V/Im?. The results
are shown in Fig. 6 as two nearly straight lines. These cro
at (c/a,u)=(1.6230,0.3780), and this is then the paramete

whereWq; andWq, are the transition rates faxm=1 and
Am=2, respectively. In the powdered sample, one can as-
sumeWg,;=Wq,=Wg and an exponential recovery is prac-
Jically observed? For a magnetic relaxation mechanism, as-
Is,ociated with the fluctuations of the local magnetic field at
the positions of the®®"Ga nuclei, and in the presence of
static quadrupole interaction, the recovery function is given

1 -640 T T T C-178-3i
GaN by

y(t)=cexp —12Wt) +(1—c)exp —2Wt), (5)

where W,, is the magnetic transition probability. The con-
stant isc=0.6 for irradiation of the central line with a rf
pulse sequence much longer than the corresponding transi-
- tion rateW,;l (long irradiation andc=0.9 for irradiation of
. the central line with a single rf pulseshort irradiation.!
6 The measurements have been performed in magnetic fields
1610 | | , of 9 and 1.6 T. In sample |, a recovery law given by two
0.374 0.376 0.378 0.380 0.382 exponentials is evidenced, with=0.65, typical of a relax-
u ation process driven by magnetic interactions with the initial

FIG. 6. The lines define the structural parameters for whichcondi_tion _int_ermediate betvyeen the s7hort irradiat_ion and the
EFGs, and EFG are equal to the experimental results of Ref. 10./0n9 irradiation. The behavior of the” jc_;a relaxation rates
Theoretical and experimentala andu values are shown as sym- @S @ function of temperature is shown in Fig. 7. Between 10
bols: 1, Ref. 16(x-ray diffraction; 2, Ref. 29(full potential linear ~ and 150 K, the relaxation rates display lindadependence
augmented plane waves, witia fixed); 3, Ref. 27(pseudopoten- and the isotope ratio is close to the value expected for a
tials, Ga 3l as valenck 4, Ref. 26 (pseudopotentials, Gadin ~ magnetic relaxation mechanisth, W/ W= (9y/71y)?
core; 5, Ref. 28(full potential LMTO); 6, Presentfull-potential  ~2/3, wherey is the gyromagnetic factor. Above 150 K, the
LMTO). relaxation rate is no longer linear hand the ratio®w/"*w

1.630

c/a

1.620
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FIG. 8. %Ga (full square$ and "Ga (open circle} relaxation
rates as a function of the temperature in the Mg-doped GaN crystal
and comparison with the theoretical relaxation rates for the two-

FIG. 7. %9Ga (filled squaresand "*Ga (open circle¥ relaxation
rates for the highly conductive GaN crystahmple J as a function
of temperature. The solid line indicates a lindadependence ex- . X 69
pected for a magnetic relaxation mechanism. The dashed line coPhonon Raman relaxation mechanism, E§). for *Ga (dashed

- 7 . L -
responds to the same relaxation mechanism scaled by the squarj_g?Je) and_for 1Ga(dot_ted |In9|- The solid lines indicate _the_behav-h
gyromagnetic ratio ©y/71y)2~2/3. iors obtained by adding, at low temperature, a contribution to the

relaxation rate of magnetic origifsee texk

increases. In the temperature range 150-250 K, the relax-

ation rates for the two isotopes are nearly equal, while abov@n€ can acc_ount for the. deviation ”OF“ the expectgd quadru-
300 K, ®9W is larger than™W, and the temperature depen- pole relaxation mechanism. A numerical computation of the

dence is approximately of the fore:T2. In that tempera- relaxation rates taking into account both magnetic and qua-

ture range, the recovery function is well approximated by adrupolar contributions would therefore reproduce the experi-

. . _— . rﬂentaIWtemperature behavior over the whole temperature
single exponential. These characteristics suggest that at h'ﬁan e(see Fig. 8 solid lines
temperatures, the relaxation rates contain a significant con- Ag\s re ardg. the conduction-electrons contribution to the
tribution from two-phonon Raman scattering. For this relax- 9

ation mechanism, the relaxation rate may be calculated in thrgelaxgtlon, this is proportional to the square of the glectron
Debye model 24 ensity at the nucleughe contact densily while the Knight

shift K is proportional to the contact density. Hence, a simple
relation between the relaxation rat¥ and K may be ex-

2( T )7 0o 1T X6e¥dx pressed as the Korringa ratfo
W(T)x — f _ 6
(M=Q bp) Jo (e—1)2 ©
K2T
whereQ is the quadrupole moment=hw/27KgT, andép R=ws™L (7)

the Debye temperature. This expression behaved/a3’
for T<@p, crossing over to &V=T? behavior forT>6y.  whereS=(y./y,)2h/(82kg). Equation(7) holds for met-
The departure of the relaxation rate in Fig. 7 at higfiom  als, and it is only valid folfree) carriers in a semiconductor
the T2 law indicates that the conditiofi> 6y is not valid.  if the donor levelgconsideringn type) are resonant with the
This is consistent with the reported Debye temperature foconduction band. The fact that the relaxation rate for the
GaN 6p~600 K 3233 conducting sample is found to be proportionalltindicates

The Ga relaxation rate as a function of temperature for thehat this is the case here, in agreement with the measured
Mg-doped GaN crystal are reported in Fig. 8. The fact thaicarrier concentration. Taking the Knight shift of Ga in GaN
the recovery of the nuclear magnetization is single exponerfrom Fig. 2, i.e. K=3 KHz, and the lowF limiting behavior
tial, together with the finding that the rati®w/"*wW=2.5  of W/T from Fig. 7, we computeR=0.1. The significant
supports the conclusion of a quadrupolar two phonon Ramadeviation from the valu®=1 is likely to be due to a relax-
relaxation mechanism, similar to what is found in GaAs. ation contribution from nors electrons, which increases the
For T=150 K, in fact, the behaviors for the two isotopes arerelaxation rate, but leava$ unaffected.
well reproduced by the two-phonon Raman expression, Eq.
(6), with 95=600 K (see the dashed and dotted lines in Fig.
8). Below ~150 K, the ratio of the relaxation rates for the
two isotopes start changing with respect to the value given In this paper, we have reported and discussed the results
by (5°Q/™Q)2. If one adds at low temperature a contribution of a comprehensive NMR study of various samples of GaN,
to the relaxation rate of magnetic origin, aroung 40 °T, performed by carrying out measurements of spectra and re-

IV. CONCLUSIONS
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laxation rates, for both th&°Ga and "'Ga isotopes and at ation ratesW follow the linear-temperature dependence and
different magnetic fields. From the second-order shift of thethe rates for the two isotopes scale according to the square of
central line and from the first-order shift of the satellite lines,the ratio of the gyromagnetic factors. The Korringa factor
the quadrupolar coupling constant has been derived an@=K?T/WSis about 0.1, suggesting a contribution to the
compared with theoreticab initio calculations performed relaxation from nors electrons. Above about 200 K, the
within the local-density approximation to density-functional relaxation in the conductive sample progressively becomes
theory, and implemented with the full-potential-LMTO dominated by two-phonon Raman processes. The tempera-
method. ture variation departs from a linedr-dependence, and the
The good agreement between the calculated Ga EFG andtio of the relaxation rates for the two isotopes deviates
the one derived from the observed satellite line shifts supmore and more from the square of the ratio of the gyromag-
ports the analysis of the present experiments. Further, theetic factors approximating the ratio of the quadrupole mo-
calculations illustrate that the EFG’s are very sensitive toments £°Q/"*Q)?. In the highly resistive sample, the ratio of
variations in structural parameters. the relaxation rates for the two isotopes is close to
Furthermore, it has been shown that the contribution tq®°Q/"*Q)? and forT=150 K, theW temperature behaviors
the electric-field gradients from the conduction electrons isare consistent with a two-phonon relaxation mechanism with
negligible, as indicated by the almost equal quadrupole coua Debye temperaturé; =600 K. Only below~ 150 K, the
pling constants obtained in the sample without carriers and ionset of a relatively small contribution to the relaxation of
the one with a carrier concentration of aboutém™3. The  magnetic origin must be included.
calculations also corroborate this finding.
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