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The nu lear quadrupole spinlatti e relaxation was studied in the range : 
K for single rystals of
Bi4 Ge3 O12 doped with minor amounts (the tenth fra tions of mol%) of paramagneti atoms of Cr, Nd, and
Gd. Unusual spin dynami features were re ently found for these rystals at room temperature: a dramati (up
to -fold) extension of the ee tive nu lear quadrupole spinspin relaxation time T2 o urred upon doping the
pure Bi4 Ge3 O12 sample. Unlike T2 , the ee tive spinlatti e relaxation time T1 at room temperature diers
insigni antly for both doped and pure samples. But at lower temperatures, the samples exhibit onsiderably
dierent behavior of the spinlatti e relaxation with temperature, whi h is aused by dierent ontributions
to the relaxation pro ess of the dopant paramagneti atoms. The distin tive maximum in the temperature
dependen e of the spinlatti e relaxation time for the Nd-doped rystal is shown to result from the rystal
ele tri eld ee ts.
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3. RESULTS AND DISCUSSION

zz

As was shown previously, the nu lear quadrupole

We note that normally, the insertion of paramagneti

T2,

atoms shortens
relaxation. For

a ting as an additional sour e of

ompounds of the spe ied type, this

result pointed to the doping as a pro edure for in reas-


ing the spinspin relaxation time T2 , whi
tant time s ale in quantum

h is an impor-

omputing and spintroni s

hara terizing the spin phase de oheren e time.
elongation of the de oheren e time is one of the

The

dopants on the nu lear spin-latti e relaxation in
rystal was also interesting. A attened mi-

nimum, found between 57 K by

single
ea h

relaxation
an

ee tive
of

= 1=2

the

be

for

the

spinlatti e

four

nu leus

adequately

with

des ribed

spin

by

T1
(m

relaxation time

quadrupole

transitions

3=2; : : : ; 7=2 9=2) instead
relaxation times T1 (i = 1; 2; 3; 4) [6℄.

of

the

the
for

=

four

i

Figure 1 shows the measured and modeled

urves of

the temperature dependen e of the spinlatti e relaxa-

Naturally, the question of the inuen e of paramagthe BGO

= 9=2

I

ru ial

problems in both mentioned elds.

neti

spinlatti e

arefully studying the

T  for the transition m = 3=2 5=2 in the
209 Bi NQR 1spe trum of the nondoped and doped BGO

tion time

rystals. It

an be seen that near room temperature,

T1 markedly shortens as the temperature in

reases, the

temperature dependen e of the spinlatti e relaxation

relaxation me hanism being mainly related to latti e

rate

motions. In this temperature region, the

T1 1

in a nondoped BGO

rystal, was understood

as a dire t eviden e for the existen e of the paramagneti

enters in BGO [5℄. An examination of the

tribution of su h

hara teristi

extent of split-

  3540 K) in the BGO

ting of their ele tron levels (
rystal ele tri
these

eld (CEF) enabled us to suggest that

enters are the holes in the

the oxygen atoms [5℄.

p-ele

tron shell of

In this paper, the results of a

study of the spinlatti e relaxation time
rature are presented for BGO

T1 vs.

Near 4.2 K, the latti e

on-

enters to the spinlatti e relaxation

rate and evaluation of the

all the samples dier insigni antly.

T1 values for

ontributions to the relaxa-

tion pro ess be ome negligible, and notable
tion into

T1 from the intera

paramagneti

ontribu-

tion of nu lear spins with

enters is observed for all the samples

in luding the nondoped BGO, the

T1 values for it

on-

siderably (by 23 orders of magnitude) ex eeding those
for the doped samples.

tempe-

In the temperature range from 4.2 to 77 K, all the

rystals doped with the

samples studied exhibit an essentially dierent beha-

T1 with temperature. For the nondoped rystal,

urve T1 (t) shows a attened maximum between

K [5℄. The urve T1 (t) for the Nd-doped sample

Cr (0.015 mol%), Gd (0.2 mol%), and Nd (0.5 mol%)

vior of

atoms.

the
57

shows a distin tive maximum in the range 3040 K,

whi h is shown below to originate from the CEF ef-

2. EXPERIMENTAL

209 Bi nu lear spinlatti e relaxation time in the
doped Bi4 Ge3 O12 single rystals was measured between
The

fe t.

Near 4.2 K, this

For the Gd-doped

urve approa hes a

rystal, the

urve

onstant.

T1 (t) is virtually

independent of temperature due to the absen e of the

4.2300 K using a home-built pulse NQR spe trometer

CEF ee ts.

based on Mate

spinlatti e relaxation of the ele tron me hanism based

gated amplier 515A and 525 whi h

operates in the range 260 MHz. The values of

T1 were

180Æ

90Æ  180Æ (the
inversionre over pro edure) for the m = 1=2
3=2
and m = 3=2
5=2 transitions in the 209Bi NQR
4 3 12
4 3 12 was grown

spe trum of Bi Ge O
tal of Bi Ge O
The doped
GeO

9

.



ess [7℄.
Although the temperature behaviors of the

e

The nondoped single

rys-

as des ribed in Ref. [2℄.

2 3 and

in Fig. 1 dier from ea h other, their basi
low temperatures

urves

features at

an be des ribed using the formulas

used previously for the analysis of the spinlatti e relaxation rate in the nondoped BGO:

rystals were prepared by mixing Bi O

T1 1 = (T1 1)

2 with the appropriate amount of M2 O3 (M = Cr,

ÆÝÒÔ, âûï. 2

ontribution to the

on the temperature-independent ele tron spin-ip pro-

determined from the amplitude of e ho signals observed

after the pulse sequen e

It reveals a notable

337

e

+ (T1 1) :
l

(1)

V. G. Orlov, G. S. Sergeev, Tetsuo Asaji et al.

ÆÝÒÔ,

òîì

137, âûï. 2, 2010

T1 , ms

lg T1 [ms]

250

104

200
3

10

150

102

100
50

10

0
1

0
0

50

100

150

50

100

150

200

250

200
250
103 /t, K−1

Temperature dependen e of the nu lear
spinlatti e relaxation time for the transition m
=
=
in the 209 Bi NQR spe trum of the Nd-doped BGO rystal:   the measured data; the solid
line is modeled using the parameters in Table

Fig. 2.

Temperature dependen e of the nu lear
spinlatti e relaxation time for the transition m
=
=
in the 209 Bi NQR spe trum of the BGO
rystals. The measured data: ?  nondoped, Æ 
doped with Nd, N  doped with Cr,  doped with
Gd; solid lines are the modeled urves
Fig. 1.
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The values of parameters in formulas (2)(5) that gave the best agreement with the measured data

BGO single

rystal

Transition

m = 1=2
m = 3=2
m = 1=2
m = 3=2
m = 1=2
m = 3=2
m = 1=2
m = 3=2

Nondoped

Doped with
Nd (0.5 mol%)
Doped with
Gd (0.2 mol%)
Doped with
Cr (0.015 mol%)

3=2
5=2
3=2
5=2
3=2
5=2
3=2
5=2

, K
40  5
40  5 [5℄
60  10
60  10

Ka, s 1
(0:5  0:1)  10 5
(1:5  0:5)  10 5 [5℄

15  2
15  2

11:5  0:5
5:0  0:2

K

s,

s

1

0:025  0:005
0:045  0:01 [5℄
450  50
140  10
100  20
50  10
14  0:5
21  2

0:48  0:05
0:28  0:05
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onrms the above suggestion that
urves
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3+ and Gd3+ ions are isovalent to Bi3+ and

The Nd

seem to repla e them in the BGO latti e residing in
the threefold axis (the
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=

is split into 5 doublets by the BGO CEF of tetragonal symmetry (the spa e group
splitting extent
levels of the
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 between the ground and rst ex ited
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T1(t)
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is the ground state of the Gd
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ions, then both

the CEF ee ts and the intermultiplet splitting of the
ground spe tros opi
proximation.

This

term are absent in the rst apauses a marked dieren e in the

T1(t) behavior of the Nd- and Gd-doped samples.
3+ and Cr4+ ions of the 3d3 and 3d2
The Cr

on-

gurations respe tively have the ground spe tros opi
states

4 F3 2 and 3 F2 , whi

h permits the splitting of the

3d-ele tron levels in the tetragonal CEF into two dou=

blets in the former, and a singlet and two doublets in
the latter

the rst term in (8) for the estimation of the CEF ef-

the CEF ee ts are expe ted to make a

z

As

4 I9 2 multiplet of the 4f -ele tron
3 onguration in the Nd3+ ion,
h has the 4f

a result, the ground

Hamiltonian (8) are presently unknown, we use only

0
2 J (J + 1) and the
fe ts, where the operator O2 = 3J
3+
quantum number J of the total moment of the Nd

h

 = 60 K

originate from the CEF ee ts.

CEF

3+ , no theoreti
For Nd

 between the

j  1=2i and rst ex ited level j  3=2i for 4f

ase. Thus, for the Cr-doped sample of BGO,
ontribution to

the nu lear spinlatti e relaxation between 4.2 K and
room temperature.
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T1

between 77 and

Near room temperature, when the

ontribution of

the latti e vibrations to the nu lear spinlatti e relax-

From the standpoint of the CEF theory, the ee t

3+ 4f
of the CEF on the Nd
to a rst approximation

ele trons in BGO may be

onsidered to be weak with

respe t to the spinorbit intera tion

H^

LS

= L  S;

(10)

ation is prevailing, the values of

ause the estimation of the

omplete splitting of the

3+ ion multiplet 4 I9 2 from the rst term in Hamilto=

nian (8) gave the value of the order of 1000 K, whi h is
about 2.5 times smaller than the distan e between the
ground and rst ex ited multiplet
ion.
For the

4 I11 2
=

3+

of the Nd

same BGO samples demonstrated a dramati

(8-fold)

in rease in the ee tive nu lear spinspin relaxation
time upon doping [4℄.
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