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Nuclear magnetic resonance data of the

51

V nucleus in an YVO4 single crystal doped with Nd

are obtained using a Fourier-transform nuclear magnetic resonance (NMR) spectrometer in the
temperature range of 180 K ∼ 410 K. The spin–lattice relaxation mechanisms are investigated,
and the dominant mechanism at temperatures above 280 K is found to be the Raman process
because the spin lattice relaxation rate of the
temperature

(T1−1

51

V nucleus is proportional to the square of the

∝ T ). However, at temperature below 280 K, the effect of the paramagnetic
2

impurity becomes more significant than that of the quadrupole relaxation. This is verified through
an analysis of the activation energy of the paramagnetic Nd3+ impurity.
PACS numbers: 76.60.-k
Keywords: Nuclear magnetic resonance, YVO4 :Nd single crystal, Relaxation mechanism, Nd paramagnetic
impurity

I. INTRODUCTION
Compact laser diode (LD) working in the visible as
well as infrared regions has extensive applications in
the industrial fields, therapeutic, military, and scientific research because of their advantages regarding enhanced efficiency, compactness, stability, lifetime and
beam quality [1,2]. Such lasers are often created by rareearth doping of appropriate host crystals.
For instance, beam displacers, polarizers and optical
isolators are applications of pure YVO4 single crystal
owing to its large birefringence [3, 4]. YVO4 :Nd single crystal is an excellent laser material currently used
in laser diode (LD) pumped solid-state laser for electronics and optical applications. Compared to Nd:YAG
(Yttrium Aluminum Garnet: Y3 Al5 O12 ), it has superior laser characteristics such as low lasing threshold,
high slope efficiency, and low temperature dependence
of pump wavelength [5–10]. The Nd-doped YVO4 single
crystal (1 at% of Nd) exhibit a high optical transparency
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and a high absorption coefficient at 400 - 5000 nm, and
a large stimulated emission cross section of about 3 ×
10−13 cm2 which is several times larger than that of
Nd:YAG. Since the fluorescence life time is as short as
90 µs, it is a suitable material for continuous wave (CW)
oscillation [7]. Owing to the strong birefringence characteristic of YVO4 :Nd crystal, linearly polarized emission
can be obtained.
Since the report of LD excited high lasing efficiency
(slope efficiency: about 50 ∼ 60%), YVO4 :Nd has been
attracting attention [7]. However, it is very challenging to obtain a high quality YVO4 :Nd single crystal because of the difficulty in crystal growing. The YVO4 :Nd
single crystal has been grown using various methods including the Verneuil method, the Flux method, and the
Czochralski method from the end of the 1960’s [11–13].
Since V2 O5 evaporates easily during growth, the crystal
composition was not congruent, making it challenging
to obtain high quality YVO4 :Nd single crystals. The
YVO4 :Nd laser has thermal problems and does not exceed the practicality of Nd:YAG lasers. This disadvantage has been alleviated by the LD excitation method,
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YVO4 single crystal. YVO4 has a melting point of 1810
± 10 ◦ C and therefore the YVO4 single crystal is generally grown at a temperature above 1810 ◦ C.
The spin lattice relaxation time (T1 ) of the

51

V nu-

cleus in YVO4 :Nd measures the dynamic nature such as
the nuclear phonon interaction as well as paramagnetic
impurity effects. It shows how the nuclear system of 51 V
can easily dispose of its excited state energy to the crystal lattice. In this study, the nuclear magnetic resonance
(NMR) spectra of

51

V in YVO4 :Nd single crystal were

measured using a Fourier transform (FT) NMR spectrometer at 180 K ∼ 410 K. The resonance frequency,
linewidth, and the spin-lattice relaxation time of 51 V nucleus were obtained as a function of temperature. The
Fig. 1. (Color online) The saturation recovery traces for
the 51 V nucleus in a YVO4 :Nd single crystal as a function
of delay time at 300 K.
and therefore the necessity of high quality YVO4 :Nd single crystal growth has arisen [14].
Lasing properties are highly influenced by the concentration of the impurity ion in solid-state laser materials.
The degradation of lasing properties is more likely to
occur due to self-quenching when the dopant concentration is exceedingly high. Nevertheless, the increase in
the concentration of active ion in the host single crystal
can improve lasing properties by allowing a lower threshold and a higher efficiency emission. This stems from the
enhancement in efficiency of excitation light absorption
[15]. The color of the YVO4 :Nd crystal can vary according to different authors. One of the reasons responsible for this variation is the vacancy of oxygen. Another
factor is the different optical sources used. Often, the
slightest variation in growth conditions or raw materials
processing gives different crystal colors [16].
Yttrium vanadate (YVO4 ) single crystal occupies a
tetragonal crystal with a point group of 4/mmm and a
space group of I41 /amd (D19
4h ). The parameters of the
cell are a = b = 7.118 and c = 6.293) [14]. The structure consists of alternating VO4 tetrahedra and VO8 bisdisphenoids chains [17]. The single crystal structure of
YVO4 is shown in Fig. 1 of the previous reports [18,
19]. A YO8 bisdisphenoid has two different sets of Y–O
bond lengths and the VO4 tetrahedron is slightly elongated. YVO4 , 5Y2 O3 -V2 O5 , and 4Y2 O3 -V2 O5 are typical phases of Y2 O5 -V2 O5 system during the growth of

spin-lattice relaxation mechanism of the 51 V nucleus was
explored in the aforementioned temperature range. Also,
the phonon interaction as well as the influence of paramagnetic dopant ion on the relaxation of 51 V are discussed.
The activation energy (Ea ) of the

51

V nucleus was ob-

tained at two different temperature ranges.

II. EXPERIMENTS
YVO4 :Nd single crystal was grown by the Czocrhalski method in our laboratory.

It used 50.7% Y2 O5

(99.999%), 49.3% V2 O5 (99.995%) and 1 at% Nd2 O3
(99.999%) as starting materials. They were mixed and
calcined at 1100 ◦ C for 2 hours, then used for single
crystal growth. An Ir crucible was used for single crystal
growth, and the growth temperature was about 1815 ◦ C.
During the growth of YVO4 :Nd single crystal, nitrogen
gas of 1.5 atmospheric pressure containing 1% oxygen
was used to suppress the volatilization of V2 O5 . The
crystal pulling rate and rotation speed were 2 mm/h and
5 rpm, respectively. Annealing after growth of YVO4 :Nd
was made at 1200 ◦ C for 10 hours in ambient pressure to
increase the optical transmittance of crystal. The grown
YVO4 :Nd single crystal was split into a thickness of 2
mm in the a-axis and used in NMR experiments.
The static

51

V NMR spectra of YVO4 :Nd single crys-

tals were observed by employing the Bruker 400 MHz
Solid state Fourier transform (FT) NMR spectroscopy.
The carrier frequency was set at ω0 /2π = 105.177 MHz
which is the Lamor frequency of the

51

V nucleus at

144

Fig. 2. Typical FT-NMR spectra of the 51 V in a
YVO4 :Nd single crystal at 300 K. The zero point shows
the Lamor frequency of the 51 V nucleus, ω0 /2π = 105.177
MHz.
the static magnetic field 9.4 T. The spin–lattice relaxation times T1 of the 51 V in the laboratory frame were
obtained using the saturation-recovery pulse sequence
(π/2 − t − π/2). The magnetization M (t) of the 51 V
nucleus at time t after the π/2 pulse was observed from
the saturation recovery sequence. The π/2 pulse width
was 1.6 µs for 51 V NMR. The temperature-dependent
NMR measurements of the 51 V nucleus were examined
in the range 180 ∼ 410 K. The nuclear magnetization
recovery traces of 51 V in YVO4 :Nd were obtained as a
function of delay time t at 300 K. The saturation recovery traces for only 5 nuclear magnetic resonance lines of
51
V nuclei from the nuclear quadrupole interaction are
shown in Fig. 1 for different delay times from 1 s to 100 s.
Magnetization of 51 V nuclei at time t = 100 s is almost
fully saturated as shown in the inset of Fig. 1.
The NMR spectra of 51 V (I = 7/2, natural abundance 99.76%) in YVO4 :Nd single crystal were obtained
in the experimental temperature range. One of the typical NMR spectrum of 51 V in YVO4 :Nd crystal at 300
K is shown in Fig. 2. This is a FT of the free induction decay (FID) for 51 V NMR. Only one set of NMR
spectrum, which consists of 7 resonance lines, of 51 V in
YVO4 :Nd crystal was obtained at all temperature ranges
investigated. This means that there is no magnetically
inequivalent V site in our YVO4 :Nd single crystal. The
NMR spectrum has a central line and six equally spaced
satellite lines. The levels denoted by 1, 2, 3, 4, 5, 6,
and 7 correspond to the quantum states M = | − 7/2 >,
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Fig. 3. (Color online) Intensity of the central resonance
lines of the 51 V NMR spectra in a YVO4 :Nd single crystal as a function of temperature with 20 K interval.
| − 5/2 >, | − 3/2 >, | − 1/2 >, |1/2 >, |3/2 >, |5/2 >,
and |7/2 >, respectively, for I = 7/2. The interval between the outer most satellite lines (frequency between
< −7/2| and < 7/2|) is 1017.183 kHz. The intensity ratio of the central and six satellite lines resonance line of
the

51

V nucleus (I = 7/2) is theoretically 7 : 12 : 15:

16 : 15 : 12 : 7 with the first-order electric quadrupole
interaction [20]. However, the intensity ratio of seven
resonance lines for the

51

V NMR in Fig. 2 is 7 : 22 : 39

: 50 : 39 : 22 : 7 in our experiments because it is practically impossible to excite all of the 7 resonance lines
equally.
The intensity of the central resonance line decreases
as the temperature increases as shown in Fig. 3. Only
the central resonance line of

51

V NMR spectra is shown

in Fig. 3 with 20 K interval from 180 K to 400 K. The
zero point of the frequency in Figs. 2 and 3 shows the
resonance frequency, 105.177 MHz, of the bare

51

V nu-

cleus. The resonance frequency of a nucleus is different
from that of a nucleus embedded in crystal from that for
a ‘bare’ nucleus. These frequency shifts from the zero
point in Fig. 3 originate from the chemical shift [21].
The linewidth (full width at half maximum, FWHM)
of the central line for

51

V resonance line at 300 K is

∆νF W HM = 4.724 kHz, recorded with a pulse frequency
of 105.177 MHz as shown in Fig. 4. The linewidth of
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Fig. 4. Linewidth ∆νF W HM of the 51 V NMR spectrum
in a YVO4 :Nd single crystal as a function of temperature.
the central resonance line for

51
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Fig. 5. Temperature dependence of the Zeeman splitting
for the 51 V NMR spectrum in a YVO4 :Nd single crystal. The zero point of vertical axis represents the Lamor
frequency of the 51 V nucleus, ω0 /2π = 105.177 MHz.

V in YVO4 :Nd crystal

decreases as temperature increases from 180 K to 410 K.
It is common to see motional narrowing of the 51 V nuclei
NMR linewidth with increasing temperature. Motional

III. ANALYSIS AND DISCUSSION
The spin-lattice relaxation time of

51

V in YVO4 :Nd

narrowing is a phenomenon where a certain resonance

was examined by the saturation recovery method as a

frequency has a smaller linewidth than expected, due

function of temperature. The magnetization recovery

to motion in an inhomogeneous system [22]. When the

curve of the

51

V atoms are diffusing throughout the spin-system, the

rity relaxation behavior in the short delay time range.

linewidth is narrower than what it would have been if

Fig. 6 shows the relaxation processes at 180 K and 300

the atoms were stationary. Motional narrowing effect is

K. The rapidly decreasing range during the relaxation

more active when the temperature increases.

process in Fig. 6(a) and the linearly increasing range in

The line splitting between the satellite and central

V nuclei displays the paramagnetic impu-

Fig. 6(b) represent the paramagnetic relaxation effect

V resonance lines showing the

suggested by Blumberg in diffusion-limited relaxation

V nuclear quadrupole interaction was found to de-

[26]. The magnetization M (t) at 180 K is shifted up-

resonance lines of the
51

51

51

crease slightly as temperature increases over all tem-

wards so that it can be distinguished from the M (t) at

perature range as shown in Fig. 5. This means that

300 K in Fig. 6(b). The T1 value can be obtained with

the quadrupole interaction (splitting) of

51

V nucleus de-

creases slightly and the local structure around the

51

V

the following equation because the magnetization recoveries for

51

V nucleus fit a single exponential function:

atom changes slightly with increasing temperature. The
splitting between 1 and 7 for 180 K and 410 K are 1022.15
kHz and 1013,44 kHz, respectively. The central reso-

[M (0)–M (t)]/2M (0) = exp(−t/T1 )

(1)

nance line, the transition between −|1/2 > and |1/2 >,

where M (0) is the saturated nuclear magnetization when

was not affected by nuclear quadrupole interaction, un-

the full recovery is achieved and M (t) is the magnetiza-

like the satellite resonance lines which were shifted. The

tion. The spin-lattice relaxation time (T1 ) values are

decreasing quadrupole coupling constant with increas-

obtained with Eq. (1) and shown in Fig. 7. The relax-

ing temperature observed in our empirical results (see

ation time of 51 V increases slightly until the temperature

Fig. 5) can be predicted by the Bayer theory [23–25] be-

reaches 280 K, and subsequently decreases until 410 K.

cause the vibration amplitude of a rigid body increases

At temperatures higher than 280 K, 1/T1 is directly pro-

as temperature increases.

portional to the squared value of temperature as shown

146

New Physics: Sae Mulli, Vol. 69, No. 2, February 2019

Fig. 7. (Color online) The spin-lattice relaxation time of
the 51 V nucleus in a YVO4 :Nd single crystal as a function of inverse temperature. Activation energy of the 51 V
nucleus is also obtained at two different temperature regions.

Fig. 6. (Color online) (a) The normalized magnetization
and (b) magnetization recovery graphs at 180 K and 300
K for the 51 V nucleus in a YVO4 :Nd single crystal. M (0)
is the saturated magnetization.
in Fig. 8. The Raman process, or the relaxation occurring from the two-phonon process, gives the relaxation
rate which is proportional to temperature squared in the
high temperature limit [27–30].
Since ln T1 of 51 V nucleus is almost proportional to the
inverse temperature, under the assumption that T1 and
the correlation time t have a linear relationship, we can
deduce Ea of 51 V by the Arrhenius equation:
τ = τ0 exp

Ea
κT

(2)

The activation energies Ea obtained from 180 K to 280
K is 0.063 meV, whereas Ea above 280 K is 35 meV. The
smaller activation energy from 180 K up to 280 K suggests that there exists some other relaxation mechanism
preferred at lower temperatures.
The Nd3+ paramagnetic impurity contribution to the
relaxation mechanism of 51 V nucleus up to 280 K dom-

Fig. 8. (Color online) The spin lattice relaxation rate
of the 51 V in a YVO4 :Nd single crystal as a function of
temperature squared.
inates the nuclear quadrupole relaxation, which is induced by thermally activated phonons. The quantity C,
which is the interaction strength between an impurity
ion and a nucleus, is defined by the following equation
[31]:
τ −1 (r) = Cr−6

(3)

where τ −1 (r) denotes the relaxation rate of a single nucleus and r denotes the distance between the impurity
ion and the nucleus. In a powder sample, C is given by
[32]
[
]
2
τi
7τi
C = γp2 γn2 ℏ2 J(J + 1)
(4)
+
2
2
2
2
5
1 + ω0 τi
3(1 + ωe τi )
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above, we calculated the activation energy to be Ea =
0.05 meV, which is the minimum energy required to activate the paramagnetic ion Nd3+ and enable it to take
part in the spin lattice relaxation of

51

V. This result is

considerably close to the Ea (0.063 meV) obtained from
Fig. 7. This means that the two values 0.05 meV and
0.063 meV show correspondence, hinting that they have
the same relaxation mechanism. Therefore, the Nd3+
paramagnetic relaxation is the predominant below 280
K. That is, the Ea of the paramagnetic ions was obtained from the magnetization recovery curve of
Fig. 9. (Color online) The Semi-log plot of the slope
(see the straight lines at 180 K and 300 K in Fig. 6)
for the 51 V nucleus vs. the inverse temperature at low
temperatures below 280 K.
Here, the γn denotes the gyromagnetic ratio, J the angular momentum, γp the gyromagnetic ratio, γi the spinlattice relaxation time, and ωe the Larmor frequency
of the paramagnetic ion. After the disturbance of the
nuclear magnetization, any given nucleus will be first
affected by the nearest paramagnetic impurity ions for
a short time [26]. Three cases are possible for the nuclear relaxation caused by paramagnetic impurity ions.
Firstly, if the delay time t is not long enough for the
occurrence of the spin diffusion as in our case, the relaxation process acts as if there is no spin diffusion at
all. This indicates that the magnetization follows the
equation below for small t values [26]:
Mz (t) ≃

( 4π 3/2 )
3

51

V in

the YVO4 :Nd crystal.

IV. SUMMARY
The nuclear magnetic resonance of

51

V nuclei in a

YVO4 :Nd crystal has been explored in the range 180 K ∼
410 K by a FT NMR spectrometer. Only one set of

51

V

NMR spectrum (seven resonance lines from quadrupole
splitting) was recorded. This means that there is only
one magnetically equivalent

51

V center in the YVO4 :Nd

crystal. The linewidth (FWHM) as well as peak-to-peak
intensity of 51 V NMR spectrum decrease as temperature
increases. The nuclear quadrupole splitting of

51

V nu-

cleus is slightly decreased when temperature increases in
the temperature range. This reveals that the quadrupole
interaction of the

51

V nucleus in the YVO4 :Nd crystal

decreases with increasing temperature.
NC

1/2 1/2

t

(5)

where N denotes the paramagnetic ion concentration.
The slope of each temperature in the recovery curve can
be calculated as depicted in Fig. 6(b). The gradients can
be obtained from the straight line plotted in the short
time region. In Eq. (4), C has a close relationship to the
spin–lattice relaxation time of the paramagnetic impurity ion. Generally, ωe is several hundred times larger
than ω0 . We assumed that C is directly proportional to
1/τi from the first term in the brackets of Eq. (4). Therefore, by examining Eqs. (2) - (5), we could deduce that
the gradient of the straight line in Fig. 6(b) is directly
proportional to C2 and to exp(−Ea /2kT ). In Fig. 9,
the x-axis is 1/T in Kelvin and the y-axis is the gradient in natural logarithm. From the slopes in the graph

51

In the

V nuclear magnetic resonance relaxation

study on YVO4 :Nd, the spin lattice relaxation mechanisms of

51

V were examined. Furthermore, the influence

3+

of the Nd

paramagnetic impurity ion on the

51

V nu-

clear relaxation is studied using an NMR method. While
the quadrupolar interaction through the Raman process
on the 51 V nuclear relaxation is predominant beyond 280
K, the paramagnetic impurity effect on the

51

V nuclear

relaxation is predominant under 280 K. This was verified through the examination of the activation energy of
the paramagnetic impurity ions as well as that of the 51 V
nucleus in the YVO4 :Nd single crystal at low temperatures (below 280 K). The calculated activation energy
for the

51

V nucleus below and above 280 K are 0.0628

meV and 34.9 meV, respectively.
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