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The spin-lattice relaxation time, Ty, for ®Ga, "'Ga, and ">As nuclei in GaAs:Mn?" single crystals was measured
as a function of temperature. The values of T, for ®Ga, "Ga, and "As nuclei were found to decrease with
increasing temperature. The T, values in GaAs:Mn”" crystal are similar to those in pure GaAs crystal. The cal-
culated activation energies for the Ga, 'Ga, and "*As nuclei are 4.34, 4.07, and 3.99 kJ/mol. It turns out that
the paramagnetic impurity effect of Mn?* ion doped in GaAs single crystal was not strong on the spin-lattice

relaxation time.
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1. Introduction

Gallium arsenide, GaAs, is an important semiconductor
material for various electronic and photonic devices, such
as high-performance integrated circuits, field-effect tran-
sistors, light-emitting diodes, electroluminescent, and photo-
detectors [1-3]. Because of its high saturated-electron
velocity and excellent electron mobility, GaAs-based
devices can be operated at higher frequencies and power
levels with less noise than their silicon-based counterparts
can. GaAs is also frequently used for lasers as a saturated
absorber, infrared output coupler, and frequency-convert-
ing unit [4-7]. Semi-insulating GaAs is a suitable material
for fabrication of particle detectors used in high-energy
and nuclear physics [8, 9]. In another interesting appli-
cation, GaAs is adopted as a detector of thermal neutrons
[10, 11]. Direct-gap GaAs semiconductors are also pro-
mising materials for solar cell applications because they
have higher efficiency than silicon cells [12-14].

When making electronic devices, the GaAs substrates
need to have excellent surface integrity because lattice or
structural defects would dramatically affect the perfor-
mance of the devices. In this regard, it is scientifically and
technologically important to understand the formation
mechanism of lattice defects, including impurities. To
control their optical and electrical properties during growth,
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it is crucial to understand the thermodynamics of atomic
defects in GaAs.

Because of their many fascinating properties, which are
not only fundamentally important but also of immense
commercial importance, the optical properties of materials
containing transition and rare-earth metal ions have at-
tracted the attention of physicists, chemists, and materials
scientists for a long time [15]. Transition metals are well
recognized as occupying a special place in the study of
impurity defects in semiconductors [16]. Rare-earth element
doping of GaAs is also currently under investigation due
to the interest in this material for technological appli-
cations. The impurity photovoltaic effect in GaAs solar
cells is based on incorporating impurities with deep impurity
levels [17]. GaAs, highly doped by Mn>*, has the pro-
perties of a diluted magnetic semiconductor. It is the main
candidate as the basic material for optoelectronic spin-
tronic devices [18, 19].

Magnetic resonance studies are very important for
investigating microscopic information such as the local
site symmetry, substitutional sites of impurity ions, clusters,
and the dynamics of the host nuclei in the crystal [20].
Electron spin resonance in donors in #7-GaAs [21] and Mn
centers in p-type GaAs crystals [22] has been studied. A
beta-detected nuclear magnetic resonance (NMR) experi-
ment has been carried out to investigate the magnetic
properties of a semi-insulating GaAs crystal [23]. NMR
spectroscopy of a GaAs epitaxial layer [24] and nuclear
magnetic relaxation of host nuclei in GaAs [25] have also
been studied.
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In general, the nuclear spin-lattice relaxation of nuclei
is influenced by the paramagnetic impurities in a crystal.
In this work, the spin-lattice relaxation times of “Ga,
"'Ga, and "As nuclei in a GaAs:Mn*" single crystal is
investigated with a Fourier transform NMR spectrometer.
The effect of the paramagnetic Mn?* impurity on the
relaxation of the host nuclei is also discussed. The detail-
ed information about the dynamics of GaAs crystals
doped with paramagnetic impurity Mn** is obtained by
measuring the spin—lattice relaxation time, 7, of their
constituent nuclei, Ga, "'Ga, and As.

2. Experiment

The NMR spectrum of the “Ga, "'Ga, and "As nuclei
in a GaAs:Mn”" single crystal were measured using a
Bruker 400 MHz FT NMR spectrometer at the Korea
Basic Science Institute. The static magnetic field was 9.4
T and the central radio frequency was set to w,/2n =
96.061, 122.057, and 68.509 MHz for the ®Ga, "'Ga, and
> As nuclei, respectively. The spin-lattice relaxation times
were measured using the inversion-recovery pulse sequence,
n—t-7/2. The nuclear magnetizations of the ®Ga, "'Ga,
and "As nuclei at time ¢ after the 7 pulse, a combination
of one hundred w/2 pulses applied at regular intervals,
were determined following the m/2 excitation pulse. The
width of the /2 pulse was 1 and 5 ps for the Ga and
"'Ga nuclei, respectively, and 5 us for the *As nucleus.
The temperature-dependent NMR measurements were
obtained over a temperature range of 180-420 K. The
samples were maintained at constant temperatures by
controlling the nitrogen gas flow and the heater current.

3. Results and Analysis

Here, we describe the inversion recovery laws for the
quadrupole relaxation processes in the “Ga (I = 3/2, natural
abundance: 60.4%), 'Ga (I=3/2, natural abundance:
39.6%), and As (I=3/2, natural abundance: 100%)
nuclear spin systems. The transition probabilities for Am
==+1 and Am==2 are denoted by W, and W,, respec-
tively. The rate equations can then be expressed as [26]:

dn_sp ldt = (Wi + Wa) nsp + Wi noyp + Wy nyp

dn_yp ldt = Wy n_zp — (Wy + W) noyp + Wa nzp

dnyp /dt = Wy nsp — (Wit Wa) mp + Wy nzp

dnspldt = W n_yp + Wy nip — (W1 + Wa) nsp (1)

where n.3,, n_1p, n1p, and ns, are the population differ-
ences, with respect to the equilibrium population, at time ¢
for each energy level. The eigenvalues of these equations
are Wy, W,, and W, + W,.
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The inversion recovery traces for the resonance lines of
%Ga, "'Ga, and "*As with dominant quadrupole relaxation
can be represented as a combination of two exponential
functions [26, 27]:

[M(o0) — M(£))/2M(0) = 0.5 [exp(-2WW1f) + exp(—2W>1)]
(2)

where M(?) is the nuclear magnetization corresponding to
the central transition at time ¢ after saturation. The spin—
lattice relaxation rate is given by [26]

1/T) = 2W; in case of W, = W, 3)
1/T, = 0.4 (W, + 4W,) in case of W, # W,. 4

It is well known that a relaxation time 7) can be defined
only if the time dependence of the magnetization can be
described by a single-exponential relaxation function. Of
course, one might introduce a useful combination of the
transition probabilities W; and W, according to Eq. (2)
and then explain that the introduction of this constant is
reasonable because it leads to the correct relaxation time
T,=1/2W)) in the case of W; = W,. Then, a single expon-
ential relaxation function can be derived from Eq. (3).
The “Ga and ""Ga NMR spectra in a GaAs:Mn*" single
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Fig. 1. (a) ®Ga and (b) ""Ga NMR spectra in a GaAs:Mn>*
single crystal at room temperature.
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Fig. 2. (Color online) Magnetization recovery traces of "'Ga
nuclei as a function of delay time at several temperatures. The
solid lines are fitted with Eq. (2).

crystal at room temperature are shown in Fig. 1(a) and
(b), respectively. These spectra were obtained by a Fourier
transform of the Ga (I =3/2) NMR spectrum. Only one
signal was detected for each nucleus, no matter where the
magnetic field was applied, which implies that the nuclei
are arranged in a cubic symmetry and that the resulting
electric field gradient around them vanishes. The line-
widths for ®Ga and 7'Ga at 300 K were the same, at about
23 Hz, and nearly constant with temperature.

The “Ga and "'Ga spin-lattice relaxation times T, were
measured using the inversion recovery method for the
resonance line of the Ga nuclei. The magnetization re-
covery traces for the "'Ga nucleus were measured at several
temperatures, as shown in Fig. 2. The recovery traces for
the resonance line of Ga, with dominant quadrupole re-
laxation, can be expressed as a combination of two
exponential functions, as in Eq. (2). Here, the slope of the
plot of log[(M(wo)—M(f))/2M()] versus time ¢ below
room temperature was not linear, because the traces were
composed of a combination of two exponential functions.
In general, W is less than W, at all temperatures. In case
of low temperature (180 K, 240 K, 300 K), the 77 can be
obtained with 5/[2(W, + 4W,)] when W, # W,. However,
W, and W, are the same in high temperatures of 360 K
and 400 K. Thus, we can define relaxation times T7;
according to 7 = 1/(2W), and the recovery trace can thus
be represented by a single exponential function as shown
in Fig. 2. The magnetization recovery traces for the “Ga
nucleus measured at several temperatures were similar
with those for the 7'Ga nuclei in Fig. 2.

The temperature dependences of the spin-lattice relaxa-
tion time 7 for the °Ga and "'Ga nuclei in a GaAs:Mn>*
single crystal are shown in Fig. 3. The relaxation times of
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Fig. 3. (Color online) Temperature dependences of the spin—
lattice relaxation time 7} for ®*Ga and "'Ga in a GaAs:Mn®" sin-
gle crystal. The slope of the solid line represents the activation
energy.

"Ganuclei at 200 K, 300 K, and 400 K are 1678 ms, 792
ms, and 453 ms, respectively. The spin—lattice relaxation
times 7, for "'Ga are longer than those for ®Ga in the
same temperatures. This difference is due to the difference
in magnitude of the electric quadrupole moments of “Ga
and "'Ga (Qgae) = 17.1 x 107 m* and Qgy1y = 10.7 x
107*° m?); the spin—lattice relaxation rate was proportional
to the square of the quadrupole coupling constant [26].
The relaxation times for both “Ga and "'Ga nuclei decrease
with increasing temperature. There is no any abrupt change
of relaxation times in the temperature range of 180-420
K, which indicates that no phase transitions occur within
the experimental temperature range.

The activation energies of “Ga and 7'Ga nuclei in
GaAs:Mn?" crystals were determined using the equation
Ty = A.exp(EJ/ksT), where E, and A4, are the activation
energy and the pre-exponential factor, respectively, while
kp and T are the Boltzmann constant and the temperature,
respectively. A plot of the natural logarithm of T} as a
function of inverse temperature is hence linear, with a
slope that is directly related to the activation energy. The
activation energies for the *Ga and "'Ganuclei are 4.34 +
0.11 and 4.07+0.14 kJ/mol for GaAs:Mn>" crystals,
respectively, while the factor A4, is 0.054 and 0.148,
respectively, as shown in Table 1.

Typical NMR spectra of °As in the GaAs:Mn*" crystal
along the c-axis at room temperature are shown in Fig. 4.
Instead of the three resonance lines obtained for "As
nuclei in GaAs crystals, only one resonance line for °As
was obtained across the temperature range investigated.
This indicates that "*As nuclei in GaAs:Mn*" reside in
cubic site. In a cubic crystal, the electric quadrupole
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Table 1. The pre-exponential factor 4, and activation energy
E, for ®°Ga, "'Ga, and "*As in GaAs: Mn*" single crystals.

Nucleus Ay E, (kJ/mol)
%Ga 0.054 434+0.11
"Ga 0.148 4.07+0.14
SAs 0.043 3.99+0.16
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Fig. 4. "As NMR spectrum in a GaAs:Mn** single crystal at
room temperature.
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Fig. 5. (Color online) Inversion recovery traces of °As nuclei
as a function of delay time at room temperature.

moments of the *As nucleus cause no perturbation of the
four nuclear Zeeman levels, so all transitions contribute to
a single resonance line. The line-width for °As at room
temperature is about 28 Hz, which is similar to those of
the ®*Ga and 7'Ga nuclei in Fig. 1.

Figure 5 shows the inversion recovery traces for the
resonance line of As nuclei in GaAs:Mn*" crystals at
room temperature for delay times ranging from 1 ps to 3
s. The magnetization recovery trace for °As was deter-
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Fig. 6. Temperature dependence of the spin—lattice relaxation
time 7 for As in a GaAs:Mn*" single crystal. The slope of
the solid line represents the activation energy.

mined from the time evolution of the resonance spectrum
with respect to the delay time and then obtained with the
inversion recovery method. The inversion recovery traces
vary with delay time. The recovery traces for the reson-
ance line of *As with dominant quadrupole relaxations in
GaAs can be represented by a combination of two expon-
ential functions, as shown in Eq. (2). These recovery
traces varied depending on the temperature, and their
slopes increased with increasing temperature. The trends
of temperature dependences for W, and W, of "*As nuclei
were similar each other, with ; being consistently smaller
than W,. The relaxation times of ’As nuclei in GaAs:
Mn*" were obtained from Eq. (4) using the values of ¥
and W,.

The "As spin-lattice relaxation time 7, was obtained in
the temperature range of 180-420 K as shown in Fig. 6.
The relaxation time 7, for >As is much smaller than that
for both ®Ga and "'Ga nuclei in Fig. 3. The smaller 7} of
> As may originate from the larger quadrupole moment of
As nucleus (Qagrs)=31.4 % 107° m?) compare with Ga
nuclei. The Mn*" impurity effect on the smaller 7} of °As
seems to be negligible. The spin-lattice relaxation time 7
for As in GaAs:Mn®" single crystal decreases with
increasing temperature, as shown in Fig. 6. The relaxation
time of the "As nuclei undergoes no abrupt changes
within the experimental temperature range, which indicates
that no phase transitions occur within the temperature
range. The activation energy of °As in GaAs:Mn*" single
crystals was then determined. The activation energy and
A, for PAs are 3.99 + 0.16 kJ/mol and 0.043, respectively,
as shown in Table 1.

In studies of experimental relaxation rate for the ®Ga,
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"'Ga, and "As nuclei, it is important to know whether the
relaxation rate is located on the slow side of the minimum
or on the fast side of the minimum as a function of the
inverse temperature. The general behavior of the spin-
lattice relaxation rate for random motions of the Arrhenius
type with a correlation time 7. can be described in terms
of regions of fast and slow motions as follows [28]:

7.« 1, ;" ~ exp[E,/RT] (fast motion)
w,t.» 1, Ty ~ w,%exp[-E/RT] (slow motion) Q)

where o, is the Larmor frequency and E, is the activation
energy. For the Ga, "'Ga, and *As nuclei in GaAs:Mn**
crystal, the spin-lattice relaxation time is in the slow
motion region in the experimental temperature range.

4. Conclusion

The relaxation processes in GaAs:Mn>" crystals were
investigated by determining the spin—lattice relaxation
times of the *Ga, 7'Ga, and "*As nuclei. The spin-lattice
relaxation time 7 for ®Ga was shorter than that for "'Ga
at the same temperature. This difference is due to the
difference in magnitude of the electric quadrupole moments
of the two isotopes *Ga and 7'Ga. In addition, the relaxa-
tion time for ”°As is much smaller than for both “Ga and
"Ga nuclei. The relaxation times 7T; for ®Ga, "'Ga, and
As nuclei in GaAs:Mn*" crystal are similar to those
obtained in pure GaAs single crystal [25]. The paramag-
netic impurity effect on the spin-lattice relaxation process
for host nuclei in GaAs:Mn*' crystal was not strong
within the experimental temperature range. Activation
energy E, of Ga, "'Ga, and "*As nuclei in GaAs:Mn*"
crystal were determined in the temperature dependence of
relaxation rate. The activation energy for each host nuclei
in GaAs:Mn*" has nearly the same values as shown in
Table 1. The relaxation time of the ®Ga, "'Ga, and "*As
nuclei undergoes no abrupt changes in the temperature
range 180-420 K, which indicates that no phase transi-
tions occur within the experimental temperature range.
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