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The possibility of directly separating and measuring the im- A rather strong additional magnetic (as well as acoustic ¢
purity and lattice contributions to nuclear spin-lattice relax- electric) steady saturation produces local heating of th
gtion under the co_ndition of a_steady-state magnetic satu_re}tion nuclear spin system, correspondingag, = 0 while () is
is demonstrated in the particular case of 2’Al nuclei in a equal to a steady-state value).; > 0 (18). This means that
y-irradiated ruby crystal. Contributions from trivalent and o \oions near impurities became warmer than the sp
charge-exchanged chromium ions to impurity nuclear relax- . . . . )
ation were separated. The number of charge-exchanged chro- ;ystem in the ”.‘a'” crystal vplume_ and the mequallty [1] i
mium ions was found. The spin relaxation time of Cr** centers inverted. In this case the . impurity relaxatlo_n s.hou.ld be
was estimated. © 1998 Academic Press turned off and the restoration of the magnetization in th
sample should be caused by the lattice mechanism onl
This makes it possible to measure the tiff{# correspond-

INTRODUCTION ing to the lattice contribution to nuclear relaxation and thel
to calculate the impurity tim@™ using the obvious rela-

In real crystals, the spin—lattice relaxation time of quadrdionship
pole nuclei is known to be determined by two additive mech-
anisms: a lattice mechanism, which is responsible for nuclear (T = (T8 1+ (Tm) 2, [2]
relaxation in perfect samples, and an impurity ot When
the concentration of paramagnetic impurities or other relevaghereT; is the total relaxation time due to both the lattice anc
point defects is enough low, impurity relaxation occurs via spe impurity mechanisms.
diffusion to these relaxation cente@-g). Recent studies have  The method described above has been applied to Nal, Na
shown that the concepts of spin-lattice relaxation driven kyaas and AJO, nominally pure and doped crystats6—20.
spin diffusion is rather general and turned out to be valid ng{ the present paper we report results of using this method
only for insulating ionic crystals but also for amorphous solids, gy the spin—lattice relaxation ®Al nuclei in ay-irradiated
(9-11), molecular crystals1@, 13, and ferroelectric crystals ryby crystal. It will be shown that the contributions from
(14). Measurements of the impurity relaxation rate are of gregfyalent and charge-exchanged chromium ions to impurit
importance for determining the concentration of impurities ifsjaxation of Al nuclei can be separated. This allowed us t
various solids, including natural materials (see, for examplg the number of charge-exchanged chromium ions and -
(19)). However, the efficiency of using NMR to this purpose igstimate the spin relaxation time ofCrcenters.
limited because the separation of lattice and impurity relax-

ation is often indefinite. Recently, a new method of separating EXPERIMENTAL
the lattice and impurity contributions under the condition of a
steady additional saturation of NMR line has been proposed inThe Al,O; single crystal under study was grown by the
(16, 19. The method is based on the following thermodynamigerneuil technique. The concentration of chromium in the
ideas. Impurity relaxation via spin diffusion is effective whemelt was 5x 10~ *® cm™3. The sample was a cylinder with
the local inverse spin temperature near defegts, is closerto the axis perpendicular to the crystadaxis. The measure-
the equilibrium value equal to the inverse lattice temperatur@ents of the?”’Al spin—lattice relaxation time were carried
o, than the average value over the samgte, (5). If the out at 77 K with the NMR spectrometer in a constant fielc
spin—lattice relaxation time is measured using the conventiomak= 0.49 T. Since*’Al nuclei have the quadrupole moment
saturation recovery procedure, impurity relaxation proceefls—= g’) the energy levels oAl in hexagonal AbO; crystals
under the condition are not equidistant at arbitrary sample orientation in th
magnetic field. As a result, the total relaxation process is
e > (). [1] superposition of several exponential processes and the |
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laxation rate is different for different pairs of spin levels 280 —
(19, 2. In this connection, we performed the measure- <
ments when the sample was oriented at the magic ardgle ( M? °
and the energy levels were nearly equidistant. For this 249 - Ty ° 0@y 005 06 0 o 0 00
orientation, the magnetization recovery follows an exponen-
tial law with a single relaxation timel@, 21). The timer of
magnetization recovery was measured after a pulse satura- 54, - °
tion (22). The saturating steady magnetic field was applied
at the Larmor frequency by means of an additional coil. = T L4
Alternating current was produced in this coil by an addi-
tional generator. The steady saturation of tHal spin
system was characterized by the faciy = (a)sf/a; (5), .
which was measured as the ratio of the free-induction signal )

amplitudes after a 90° pulse with the additional magnetic 120 7 o0 o o oo
field switched on and off. It should be noted that under the 4 le

condition of a steady saturation, the spin—lattice relaxation
time T, and the magnetization recovery timeare related to 80 L L L L B

one another by1(7, 23 0.0 0.2 0.4 0.6 0.8 1.0
L

160 —

T =17/Z [3] FIG. 1. The?Al spin-lattice relaxation time versus steady saturation for
the chromium-doped (closed circles) and pure (open diamond€)Alystals.

They-irradiation was produced usind®Co source. The doses

received were 4.5 10" and 16 rad. To return the sample to

the initial state, it was heat treated at 1300 K for 48 h and th&§ shown in 25) for a chromium-free AJO; crystal, the
slowly cooled down to room temperature. As it has been showantribution of uncontrolled impurities to the spin—lattice
in (24), this procedure is sufficient for removing paramagneti€laxation of?’Al nuclei is very small; the corresponding

centers induced by-irradiation. time equals 3100 s. The dependencd pin the pure ALO,
crystal on the saturation factd, is also shown in Fig. 1 for
RESULTS AND DISCUSSION comparison. Thus, we can ascribe the found value of th

impurity relaxation time in the ruby sample under study tc

The dependence of the spin—lattice relaxation time calcuivalent chromium ions, entirely. The error followed from
lated from measurements efising Eq. [3] on the saturation this assumption is within the limits of accuracy of evaluat:
factor for the sample under study before irradiation is showng the impurity relaxation time.
in Fig. 1. It can be seen that at low saturation levels ( After +y-irradiation, the dependence of the spin—lattice
close to 1) the relaxation time is independentZf and relaxation time on the saturation factor changed signifi
equal to 116+ 2 s. This time can be obviously identifiedcantly (Fig. 2). The value of the relaxation time 4 = 1
with Tf. At intermediate saturation, 0.8 Z, < 0.7, the (without steady magnetic saturation) decreased for bot
relaxation time increases monotonously with decreaging doses of irradiation and an additional step appeared on t
and again becomes constantZaf < 0.3. According to the curvesT,(Z,). However, as can be seen in Fig. 2, the lattice
aforesaid and results obtained ib6(-20, one can suppose component of the relaxation time did not change and th
that the impurity relaxation turns off in the range£ffrom complete suppression of the impurity contribution occurre:
0.7 to 0.3. Thus, the relaxation time at strong saturati@i about the same saturation lev&,(~ 0.3) asbefore
should be treated aBf". It follows from the measurementsirradiation. It should be noted that the repeated heat trez
performed thaf'a = 260+ 20 s. This time agrees well with ment of the irradiated sample and irradiation with the sam
the spin—lattice relaxation time corresponding to the latticoses gave reproducible results. Within the framework c
contribution which has been found inq4, 25 for two the model of the impurity relaxation suppression unde
different nominally pure AJO; crystals (270 and 260 s). Thestrong magnetic saturation, the results obtained aftéer
substitution of the values of; and T into Eq. [2] makes radiation can be treated as follows. It has been shown |
it possible to calculate the impurity contributioRl™ = numerous papers (see, for examp[26,(27) that y-irradi-
210 = 30 s. Generally, the impurity spin—lattice relaxatiomation of ruby crystals leads to charge exchange of chromiu
occurs due to all paramagnetic centers which are presenians and does not yield other electron centers. Some triv
the crystal lattice. In the ruby sample under study, tHent CP™ ions are converted to tetravalent’Crand divalent
impurity contribution can arise due to trivalent chromiunCr®* ions. The concentrations of €F and CF* ions are
ions and uncontrolled impurities of another kind. Howeveequal to each other because of the charge neutrality con
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FIG. 2. The?"Al spin-lattice relaxation time versus steady saturation for the chromium-dop€y édystal aftery-irradiation with doses of 4.% 10 rad
(@) and 16 rad (b).

tion. It should be noted that in spite of a great number afoses of irradiation together with the data for the sample befo
studies devoted to the influence ¢firradiation on ruby irradiation. The values on"y enable us to estimate the con-
crystals, the concentration of charge-exchanged chromiwentration of trivalent chromium ions after irradiation. In fact,
ions was determined only very roughly. The appearance wding the theory of impurity relaxation accompanied by spil
tetravalent and divalent chromium ions affects the totdiffusion (5) we can write for the relaxation via & centers
relaxation rate of’Al nuclei. This accounts for the reduc-before irradiation
tion of the spin—lattice relaxation time measuredgt= 1.

The additional steps on the curvég(Z,) in Fig. 2 corre-

spond to incomplete suppression of the impurity relaxation.

Since the behavior of; at strong saturation almost did not

change after irradiation (see Figs. 1 and 2), we can suppose

that these steps show how the contribution of charge-ex-

changed chromium ions turns off. Denoting the relaxatiomhereN is the chromium concentratiof; is the inverse time
time corresponding to the steps &g, we can find the time of nuclear relaxation via chromium at the unit distance fron
T', of relaxation due to trivalent chromium ions aftgir- the impurity, andD is the spin-diffusion coefficient. Similarly,
radiation: after irradiation

8

(19 = 3

N Cl/4D 3/4, [5]

TS ={T) - (T (4]

8w
Cry-1_ — 1/4ry3/4
The set of relaxation times obtained is listed in Table 1 for both (T2, 3 N,CD™, [6]

TABLE 1
Relaxation Parameters in the Ruby Crystal under Study before and after y-lrradiation
Al,O,:Cr TI, s T 5 Tm s ) TS, s N,/N C, cnfls N,/N
Before irradiation 116 =2 260+ 20 210+ 30
After irradiation
4.5x 10" Rad 101.5¢ 0.9 260= 20 129+ 4 260=* 20 0.82 2.1x 1074 0.09

10° Rad 92.6x 0.9 260= 20 142+ 4 310= 30 0.68 2.6x 1074 0.16
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whereN, is the concentration of trivalent chromium ions aftechromium ions in ruby crystals has been evaluate@i for the
irradiation. It follows from Eqgs. [5] and [6] that Larmor frequency 9.86 MHz. It is easy to recalculate it for ou
value ofy, using Eqg. [8] and the estimate fag from (30), 7. =
44 % 10 °s:C = 4.7 X 10 * cmP/s. With this estimate fo€
we can calculate the absolute valug®fThe values obtained for
the two irradiation doses are listed in Table 1.

It is seen from Table 1 that for both doses of irradiation the
mlculated values of are in good agreement with each other.
This speaks for the validity of the estimates performed. |
follows also from Table 1 that the concentration of charge
exchanged chromium ions increases about linearly with ir
creasing the irradiation dose. The value(bbtained allows
us to find the spin relaxation time of tetravalent chromium ion:
at 77 K using Eq. [8] and parameters of tetravalent chromiur
ions taken from28): 7, ~ 3 X 10 ®s. This value agrees well
whereyg andy, are the gyromagnetic ratios of the chromiunwith the fact that the EPR signal cannot be registered at tt
ion and the aluminum nucleus, respectivedyis the effective liquid nitrogen temperature because of very fast spin relaxatic
spin of the paramagnetic ion; is the spin relaxation time of as noted in 28).
the paramagnetic ion; ang is the nuclear Larmor frequency.

A similar relationship is valid for tetravalent and divalent

chromium ions. It follows from [8] that when the produgjr,

becomes much greater as well as much less than unity, thehis work was supported by the Russian Foundation of Fundamental |
relaxation rateC decreases and the contribution of paramagestigations under Grant 96-02-19523. E. V. Charnaya acknowledges financ
netic centers to nuclear relaxation is reduced. For tetraval&hgrort from the National Science Council of Taiwan under Grant 86-211-
chromium ions in the ruby crystals at¥ 77 K, 7, should be M-006-012.
around 10° s or shorter28), as follows from the impossibility

of observing the EPR signal at 77 K. Taking into account the

value .Of Yo ~ 55 MHZ.’ we hav? %V(.’TC < 1. For divalent 1. A. Abragam and M. Goldman, “The Principles of Nuclear Magne-
chromium ions the spin relaxatl_on time should be much tism,” Oxford Univ. Press, New York (1982).

shprter than that .for tetravalent |0|139][ pecause_ of strqnger 2. N. Bloembergen, Physica 25, 386 (1949).

spin—lattice cogpllng. Then the contr|.but|on of Q|valen_t I0NS 10, b G de Gennes, J. Phys. Chem. Solids 7, 345 (1958).

nuclear relaxation can be neglected in comparison with that gf
tetravalentions. Thus, the difference between the total impuri
relaxation of?’Al nuclei and relaxation due to trivalent chro-

NJ/N = T¢/TY, [7]
Using TS™ = T'™ we can calculate the ratid, /N. The values
obtained are also listed in Table 1.

Let us now discuss the role of charge-exchanged chromi
ions in the spin—lattice relaxation 6fAl nuclei. According to
(1), the paramete€ in Egs. [5] and [6] is written as

(8]

2221

Cc
1+ 47°virs

2 2..2.,2
C=gh YsYiS(S+ 1)
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