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Spectral spin diffusion in dilute rubye
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The broadening of the + 1/2 —1/2 or low-field EPR absorption line of Cr'+ in dilute ruby has been studied

at 2.7 GHz at liquid-helium temperature. Experimental evidence is given that the line is inhomogeneously

broadened when observed with the external magnetic field Hz parallel to the crystal axis, while it tends to be

homogeneously broadened when observed with H~ perpendicular to the crystal axis. A qualitative model is

discussed in which the efFect is attributed to the local-field modulation at the Cr + sites by '"Al nuclei. A new

technique of double resonance at microwave and radio-frequency energy has been used in which the phase of
the wave at harmonic frequency is detected as a function of the external magnetic field and rf frequency. It is

shown that spin transitions induced in the 'Al nuclei create spectral spin difFusion in the electron Cr'+ spin

system which is seen directly as an increase of the width of the central spin packet of the Cr'+ absorption line.

I. INTRODUCTION

The EPR absorption linewidth of dilute ruby

(Al,O, with very low concentration of Cr,O,) is
caused by superhyperfine interaction of the Cr3'
paramagnetic ion with the 13 neighboring 27Al

nuclei. ' Experimental investigations of this in-
teraction were carried through using electron-
nuclear double resonance (ENDOR) technique' and,
more recently, using the spin-echo modulation ef-
fect. *' From ENDOR spectra Lauxance et al.3

obtained numerical values of the superhyperf inc
coupling constants, which well account fox the
magnitude of the EPR linewidth~ and the spin-echo
modulation envelope. However, an unusual fea-
ture was pointed out by these experiments:
ENDOR spectxa of neighboring 2'Al nuclei in ruby
were observed only when the external magnetic
field was directed along the optic axis of the crys-
tal within a very few degrees. Similaxly, the spin-
echo modulation pattern disappeared very fast
when the magnetic field was tilted from the c axis.
Both effects suggest that a spin-packet stxucture
of the EPR absorption line is pxesent only when
H is paraQel to the c axis and that a basic change
of the line structure should occur when Ho is ro-
tated frcm the ~ axis.

In this paper we present measurements of the
spin-packet width of the EPR absorption line of
Cr" in ruby at various angles near 8= 0 (Ha [I c)
and at 8 = 90 (H, & c). In order to get the experi-
mental value of the width of the spin packet, we
make use of the so-called "stirring effect, "i.e., the
dependence of the transverse relaxation time T„on
the saturation degree of the spin system. "' We pre-
sent here the measurements of Y„as a function
of the microwave input power in three different
samples of ruby: some pecullarlt1es ln this de-
pendence are discussed. By fitting the experimen-

tal results with the theory, we axe able to obtain
the value of the spin-packet width and the correla-
tion time of the random magnetic field at the Cr"
site. The relation with ENDOR and spin-echo
measurements is discussed. A qualitative model~

is discussed that explains the observed dependence
of the spin-packet width on the angle 6). As a test
for the proposed model, some measurements are
made in the presence of a rf field resonating with

the "Al nuclei. This technique, at least in prin-
ciple, can be proposed as a new ENDOR technique.

II. EXPERIMENTAL PROCEDURE

Let us consider a spin system in a static mag-
netic field Iro and a microwave magnetic field H
of frequency ~. We have previously showne both
experimentally and theoretically that because of
its intrinsic nonlinearity such a spin system emits
radiation at second-harmonic (SH) frequency 2&v.

The SH spectrum consists of two lines resonating
at =o and at ~ = —,'~0 respectively, where (do

=yBO is the resonance frequency of the spin sys-
tem. The SH 81gnRl 18 phRse coherent, the phRse
angle being a function of the extexnal field Ho.
%'hen u = no, the spin system is strongly perturbed
bythe microwave input power and it is heavily sat-
urated. In this condition the phase angle of the SH

slgnRl 18 given by

tan y, = T„'/((u —(uo),

where T2, is the effective transverse relaxation
time which depends on the Inicrowave input power
level. Near (d= ~no the phase angle is given by

tang =T„'j(2&v —(uo),

where T20 (power independent) is the same as the
one obtained from the EPR spectrum because the
spin system, in this case, is very far from sat-
uration. So, from measurements of the phase of
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the SH signal, it is possible to deduce the values
of T20 and T„at various input powe r leve 1s .

The experimental values of T„and T,o are ob-
tained by measuring the magnetic fields H» and

Hp2 at which the phase of the SH si gnal is +45 '.
According to Eqs. (1) and (2'I,

T, =2/y(H —H„). (3)

This relation applies to both the SH lines resonat-
ing at ~ = ~, and + =-,'&, with T, equal to T„and
T,o, respectively. We reca, ll that Eqs. (1) and (2)
have been inferred and are strictly valid for ho-
mogeneously broadened lines. In this case no
question arises about the meaning of T, in E q. (3).
Since an inhomogeneous line is the envelope of
many homogeneous lines (spin packets), questions
arise as to whether T„as obtained from Eq. (3),
refers to the total line or to the spin packet. In
the Appendix we show that near the center of the

(eL)p l ine, de struc tive inte rfe rence effects cancel
out the contributions of symmetrical spin packets,
with the result that the value of T,,' which one gets
from Eq. (3) is equal to the half-width of the cen-
tral spin packet, eventually narrowed by the mi-
crowave power. Instead, for the SH 1.ine at e =-,'cu,
no interference effect occurs and the value of T2p
is equal to the half-width of the total line.

The dependence of T„on the input power level
has been theoretically" and experimentally' in-
vestigated. According to Tomita' and Strandberg, '
T„varies linearly with the input power, at high
power levels (i.e. , H', /H, '«» 1):

1/T, = (1/T )H„,/H, + 1/7, . (5)

1/T„= (I /T2O)c-, /H2,

where H', « is the mean-square width of the spin
packet and II, is the microwave field amplitude.
The increase of T„should be limited by the spin-
lattice relaxation time T, ." However, we remem-
ber that Eq. (4) is carried out under the hypothesis
that the whole spin system is embedded in a time-
independent environment {rigid lattice). The hypo-
thesis is appropriate when the sources of the ran-
dom local fields are internal to the spin system
(this is the case, for instance, of dipolar interac-
tion between similar spins). But, if the local
fields are due to sources external to the electron
spin system and have a finite correlation time &„
they are responsible of a broadening of the spin
packets which only partially can be shrunk by a
microwave field. The microwave field cannot less-
en the dephasing effect owing to abrupt changes in
the local fields; so such a correlation time would
appear as a limiting value in the increase of T„.'
In this case, if &, «T„ the appropriate relation
ls
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FIG. 1. Block diagram of the apparatus used for
transverse relaxation time measurements and double-
resonance experiments. All the experiments reported
here were carried out at liquid-helium temperature.
L. P. and B. P. stand for low pass and band pass, re-

spectivelyy.

By fitting the experimental results with Eqs. (4)
and (5) we are able to get the values of H, «and v, .
In the following, Eqs. (4) and (5) will be applied to
the experimental values of T„obtained at (d = (d„
while T„ is measured at (d = —,'~„ i.e., at a higher
static magnetic field. In spite of this fact, the
procedure is correct, since the condition b&«HO
is always fully satisfied in our experimental situ-
ations and no dependence of ~ on the magnitude
of H, is to be expected where ~ is the EPR line-
width.

The experimental apparatus used for the present
measurements is shown in Fig. 1. The bimodal
rectangular cavity is resonating at 2.7 and 5.4
GHz. The sample is located in a point of the cav-
ity where both the microwave fields H, (u) and H,
(2~) a.re maxima. The microwave pulse oscillator
is working at 2.7 GHz and it gives a maximum
peak power of 5 kW lasting for 1 gsec with a rep-
etition rate of about 200 pulses/sec. The SH sig-
nal present at the output of the pulse oscillator is
used as a reference signal in the phase measure-
ments: after passing an attenuator and a variable
phase shifter, it is mixed with the SH signal gen-
erated by the spin system. The mixed signal is
then detected with a conventional superheterodyne
receiver. By varying the position of the phase
shifter, it is possible to measure the relative
phase of the SH signal radiated in the cavity by the
spin system.

Some measurements are made in the presence
of rf power, at frequencies ranging from 0.5 to
2.0 MHz, in resonance with the "Al nuclei. A

five-turn coil is wound around the sample in such
a way that its plane contains the c axis and the rf
magnetic field is orthogonal to the external field
H, . The rf oscillator is a General Radio model
1211C which gives a cw output power of about
1.0 W in the range of our interest.
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The measurements reported here were made at
4.2 "K on three single crystals of ruby, supplied
by Union Carbide, with nominal Cr" concentration
of 0.050, 0.065, and 0.16% by weight. We call
these samples No. 1, No. 2, and No. 3, respec-
tively. These crystals were cut in rectangular
parallelepipeds 4 x 4 x 5 mm' with the c axis par-
allel to the long axis. The orientation of the ex-
ternal field Ho along the e axis was accomplished
by utilizing the fact that the pronounced dip ob-
served in the SH signal at & = uo falls at the high-
est value of Ho for Ho parallel to the e axis. In
this way we are able to obtain alignments within
+0.5 .

Ruby sample Conc. ~ 10 T2O DH 10 T& g«
No, (wt%) (deg) (sec) (G) (sec) (G)

0.050 0
0 050 90

0.065 0
0.065 6
0.065 90

080 67 44 ~07
0.40 6.7 0.42

0.78 7.0 4.4
0.78 7.0 2.2 ~] .2
0.39 7.0 0.42

0.16 0
0.16 90

0 60 9 5 ~ ~ o

030 95
2.4
2.8

TABLE I. Characteristic parameters of the investi-
gated ruby crystals. H, ff listed in the last column, is
determined by fitting the experimental results with

Eqs. (4} and (5).

III. EXPERIMENTAL RESULTS AND DISCUSSION

The+-,' —--,' or low-field transition of Cr', of
which we are interested, is resonant with the in-
put frequency of 2.V GHz at Ho =1015 G when 8=0'
and at Ho =480 G when 8=90 . The EPR half-
widths of the three ruby samples are reported in
Table I. The main contribution to the EPR line-
width in dilute ruby comes from the superhyper-
fine interaction of the Crs' ion with its 13 neigh-
boring ~A1 nuclei. Near 6I=0 and 90 at the low-
est Cr~' concentrations the residual half-width is
roughly independent of 8 and is equal to 6.6 G."
The Cr"-Cr" dipolar interaction is evaluated"
to be 0.73, 0.9, and 2.5 G for samples No. 1,
No. 2, and No. 3, respectively. So, samples No.
1 and No. 2 show an EPR line half-width essen-
tially equal to the residual one. The half-width of
sample No. 3 is the result of the convolution be-
tween the superhyperfine and electron dipolar
Cr'+-Cr" interactions. " For each sample the
linewidth when expressed in gauss, is the same
at 8 = 0 and 90, but the values of T20 are different

because of the different y,«values: y,« =2m ev/—eH

is equal to 1.8 x 10' G ' sec ' at 8=0 and to 3.6
x 10 G ~ sec i at 8=90'.

Figure 2(a) shows T„of sample No. 2 of ruby
as a function of the microwave input power level
at three different orientations 8= 0, 6; and 90 .
Essentially the same figures are obtained with
the less concentrated sample No. 1. Figure 2(b)
shows T„of sample No. 3 of ruby as a function
of the microwave input power level at 8=0 and
90 . The continuous lines are the ones which best
fit the experimental points. It is worthwhile to
note that the power dependence of T„is qualita-
tively different for samples No. 2 and No. 3 and,
further, T„of sample No. 2 shows a strong an-
gular dependence.

For the concentrated sample No. 3, T„depends
linearly on the input power at both orientations
8= 0 and 90 . In the limit of high input power
levels at which we are operating we fit the ex-
perimental results with the theoretical relation
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FIG. 2. (a) T2~ as a func-
tion of the input microwave
power or microwave field
amplitude of dilute ruby,
sample No. 2, at three dif-
ferent orientations.
T =4.2 K. (b) T2~ as a func-
tion of the input microwave
power or microwave field
amplitude of concentrated
ruby, sample No. 3, at two
different orientations.
T =4.2'K.
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(4). By fitting, we get H,« ——2.4 G for 6=0' and
H f f 2.8 0 for 0 = 90 . The small difference be-
tween the two values at 8= 0' and 90' may be seen
a.s a residue of the effect which we shall discuss
later for the more dilute samples. The results
are consistent with the fact thai the EPR line of
our concentrated ruby is inhomogeneously broad-
ened with a spin-packet width of about 2.5 G,
which may be ascribed to the homogeneous di-
polar Cr"-Cr" interaction.

For sample No. 2 at 8=90 T„ increases lin-
early with the power at relatively low input power
levels and soon it tends to reach a plateau value.
The same behavior can be assumed for 8=0' and

6, though we are unable to work at low power lev-
els at which T„ is expected to be power dependent
and only the constant values are detected. The
plateau values are T~=4.4x 10 sec at 8=0 and

T~=2.2&& 10"' sec at 8=6; very different from T~,
equal to 7.8 x 10 ' sec for both orientations. The
experimental results for sample No. 2 of ruby a.re
fitted by Eq. (5). The values of H,«and T~ are re-
ported in Table I. By comparing the spin-packet
width (H,«) with the width of the total line (7.0 G),
it comes out that the nature of the line broadening
is quite different in the two orientations 0 = 0' and
90 . At 8=0 the line shows an inhomogeneous
structure with well-defined spin packets, the
width of which (s0.7 G) is at most —,', of the total
linewidth. Further, the local field has a long cor-
relation time T~=4.4 X10 ' sec, suggesting a qua-
sistatic environment around the Cr" ion. The sit-
uation is very different at 8 =90: the line appears
to be almost completely homogeneously broadened
and the local field is seen rapidly varying in time
(T~ = 0.42 && 10 ' sec).

Cross-relaxation and spin-diffusion effects are
typical mechanisms responsible of the broadening
of the spin packets of an inhomogeneous line. In
dilute ruby cross relaxation involving spatial nu-
clear-spin diffusion is present in the particular
directions in which two absorption lines of the Cr"
have near equal energy. " ' On the other hand,
cross relaxation within a, line, as observed by At-
sarkin, ' is effective when the line is saturated
with some deviation from the center in order to
drastically perturb the temperature of the SS,
(Cr~' dipole-dipole) reservoir. Such effects cannot
be invoked for a full account of our results for a
variety of reasons. We observe a broadening of
the spin packets near the parallel direction in
which cross relaxation between two different tran-
sitions is not possible at our frequency. Further,
we are operating in conditions in which the satu-
ration of the Cr" line occurs very close to the
center peak. Finally, times required for spatial
nuclear-spin diffusion are long compared with the

plateau values which we are measuring. "
A qualitative account of the observed behavior

can be given in the framework of the model de-
veloped for the spin-echo modulation effect. 4 Let
us look at the Cr ' ion and its 13 neighboring "Al
nuclei. When the magnetic field is directed along
the c axis, the -''Al nucl, ei can be grouped into four
sets of three magnetically equivalent nuclei. The
remaining nucleus is located along the c axis above
the Cr" ion. The four sets of nuclei precess about
a, direction close to the c axis, the small angle y
being due to the fact that they also experience, in
addition to the H, field, the dipolar magnetic field
of the Cr" spin owing to the fact that the field gra-
dient is a little tilted from the c axis. This state-
ment is strictly valid only at high external magne-
tic fields. However, for our qualitative discussion
it can be assumed to be valid also at our fields.
The assumption is partially justified by the fact
that the Cr" dipolar field is less effective because
of very quick transitions of the Cr" spin: this
point is evident in the ENDOR experiments which
we shall discuss later. For each one of these sets
of nuclei& the projection of the nuclear magnetic
moment I over the direction of the electronic mag-
netic moment S is quasistatic, with a small time-
dependent component. In this condition, the EPR
absorption line of ruby is expectedly inhomogene-
ously broadened. The spin-packet width is caused
by the amplitude of the modulation of the hyperfine
field and by the residual Cr"-Cr" dipolar interac-
tion. At high input power levels the Cr"-Cr" di-
pola. r interaction fades out because of a "stirring
effect." However, the microwave field cannot
shrink the contribution of the Cr"-"Al superhyper-
fine interaction to the spin-packet width below
1/r, r, is the c.orrelation time of the hyperfine
field which is essentially fixed by the Larmor fre-
quencies of the four sets of nuclei and is equal to
the plateau value T~ which we observe in Fig. 2.
One may wonder that at 8=0' we find a spin-packet
width less than the theoretical width owing to the
Cr"-Cr" dipolar interaction. We remember that
rough experimental measurements of the spin-
packet width of dilute ruby by different authors"'"
have proved that these calculations overestimate
the dipolar contribution.

The situation described above is peculiar to the
0=0"orientation. In fact, because of the trigonal
crystalline electric field at the Cr" site, when H,
is rotated an angle 8 from the c direction, the
electron- spin precession axis is no longer along
Ho. The angle y, between the precession axes of
I and S. i~a~eases ~iu the projection of each nu-
clear spin I over the S direction has now a greater
time-dependent component which causes an in-
crease of the amplitude of modulation of the hyper-
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fine field at the Crs' site. A spectral spin diffu-
sion within the EPH line takes place because of the
mixing of adjacent spin packets. Qn the other
hand, when 84 0', all the 13 neighboring nuclei be-
come magnetically inequivalent and each one con-
tributes with a different frequency to the modula-
tion field, thus shortening the correlation time w,

of the resultant local field. Gn increasing 8 the
plateau value T~ is expected to decrease. %e have
measured the dependence of T~ on the angle near
8=0 . The results are reported in Fig. 3. As ex-
pected, T& is maximum at 8=0 and rapidly de-
creases on increasing 8. Calculations show that
at 8=90 the angle cp is much greater than at 8=0 .
At 8= 90 orientation the local field at the Cr"
site hRs R greRter tlDle-dependent component with
a shorter correlation time, the spectral spin dif-
fusion within the line is expected to be enhanced.
Each Cr" practically experiences many of the
possible orientations of the nuclear spins. There-
fore, all the Cr3' ions of the ruby crystal tend to
be magnetically equivalent and give rise to a ho-
mogeneously broadened EPR line.

Our results are consistent with the angular" de-
pendence of the spin-echo modulation experi-
rnents. "' In fact, in the parallel direction, in
which we find a long correlation time and narrow
spin packets, a maxium echo signal is observed,
the modulation pattern being due to the small time-
dependent component of the local field. The dis-
appearing of the spin-echo signal when 8 ~ 3' can
be ascribed to the broadening of the spin packets
and to the shortening of the correlation time.
Similarly, double-resonance experiments require
an inhomogeneous EPR line; in dilute ruby ENDOR
signals are to be expected only near 8= 0', as ob-
served by LRur'ance et Ql

CO

OO

3
I

-90

FIG. 3. T& of dilute ruby, sample No. 2, as a func-
tion of 0, the angle bebveen Ho and e axis, for small e.
Value of T& at 8 =90 is also displayed.

Ne wish to point out that the observed inhomo-
geneous -homogeneous transition is not peculiar
of the+ & -2 magnetic resonance, but should
be observed also at the higher-field resonances,
perhaps in a less pronounced way. Qn increasing
Ho, the precession axes of the electron Rnd nu-
clear spins both tend to the direction of II, even for
for 840, the angle @is expected to decrease.
Kopvillem et aL" have shown that the three-four
resonance of Cr" in a. field of 5430 6 at 8= 90 is
inhomogeneously broadened, the angle y being
equal to zero at this orientation. Even for the
+ —,

' —& magnetic resonance line at higher fre-
quencies (and therefore higher fields H, ) one
should expect that the inhomogeneous-homogene-
ous transiti. on should be less pronounced and even-
tuRlly disappear In fRct one cRn eas1ly show that
the angle p, at a given orientation of Ho from the
c axis, decreases on increasing the external mag-
netic field.

According to this simple model the modulation
of the z component of the local field at the Cr"
site owing to the precession of the nuclear spins
about an axis different from (S) is responsible for
the inhomogeneous -homogeneous transition of the
EPR absorption line of ruby. Nuclear transitions
induced in the nuclear -spin system of "Al change
the z component of the local field. Therefore, one
expects that at 8 = 0' externally induced nuclear
transitions should make the absorption line of
Cr' more homogeneous, playing the same role
as a rotation of H, from the e axis.

Kith the above statement in mind, we have made
double-resonance experiments in our dilute ruby,
sample No. 2, in which the electron spins are
resonating with the strong microwave field near
co = no and nuclear transitions in the spin system
of "Al are induced by a cw radio-frequency field.
In these experiments the external magnetic field
Ho (H, = 1000 G) was aligned along the e axis and
we were measuring T~ at different values of e„,
the frequency of the rf field. As expected, we
found that T~ is strongly dependent on z„, it de-
creases by as much as a factor 5 when the rf field
is resonating with one of the "Al nuclear transi-
tions. A plot of T& as a function of u~ shows five
groups of resonance lines near the values 0.41,
0.77, 1.13, 1.49, and 1.84 MHz. Each group has
a hyperfine structure which we have not yet well
resolved and it seems that its resolution depends
on the microwave input power.

According to the model discussed above, one
should expect to detect the resonance lines of the
13 neighboring "Al nuclei which strongly interact
with the Cr" ion. Instead, the values of (d„at
which the resonances occur and their separation
of 0.36 MHz correspond to the values reported in
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literature for distant "Al nuclei. An accurate
cheek of our experimental procedure will make
this point clea, rer. In the present double-reson-
ance experiments the +-,' -2 line of Cr" is heav-
ily saturated very close to the resonance by the
strong micromave field, the electron spin turns
over very fast so that the dipolar field +h„ that it
produces at the '"Al sites changes within a time
which, depending on the micromave power, can be
much shorter than (2v/y„~ H„+ h„~ ). The nuclea. r
spins cannot follow such field changes, practically
they experience only the external field H, and
therefore the resonance values mill be the same a,s
those of distant nuclei as long as the strong micro-
wave field is on. This hypothesis is supported by
the fact that in our preliminary results the hyper-
fine structure in each one of the quadrupole tran-
sitions of "Al seems to be directly dependent on
the microwave power, being better resolved at
lower microwave power levels.

Finally, we wish to make a few comments about
the more concentrated ruby, sample No. 3. Our
results show that the EPR absorption line of this
sample is inhomogeneously broadened even at
8= 90', though the spin-packet width (H,«= 2.8 G)
is an appreciable fraction of the total width (9.5
G). Further, the characteristic plateau is not
observed at both orientations (9=0' and 8=90 in
all the range of input power investigated. The low-
er limit of v„as deduced from the data of Fig.
2(b), should be at least 20&&10 ' and 10&&10 ' sec
for the parallel and the perpendicular directions,
respectively. This suggests that the mechanism
which gives rise to the inhomogeneous-homoge-
neous transition is not only concealedby the Cra'-
Cr ' interaction, but it is by itself less effective
in the concentrated samples. %e have not yet
found a satisfactory explanation of this effect; me
suspect that it is related to the rapid decrease of
the nuclear spin-lattice relaxation time of '7Al in
ruby, which ha, s been observed" at the concentra-
tion t."=0.08 mt% intermediate between the concen-
trations of our samples No. 2 and No. 3. Further
experiments are in progress.
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APPENDIX

I et us consider a Gaussian inhomogeneous line,
which is the envelope of a continuous distribution
of Lorentzian spin packets. From Eqs. (9), (12),
and (13) of Ref. 6, by integrating the contribu-
tions of the single spin packets, one gets

The integrals involved in Eq. (7), are, respec-
tively, the real part and the imaginary part of
the well-known error function w(z) with complex
argument. Using the tabulation and the rational
approximations of gv(z), it is possible to obtain
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a plot of 4, as a function of ST, for a given line,
i.e. , for a given a,T. The results, shown in Fig.
4 for E,T equal to 1, 3, and 10, indicate that, de-
pending on the value of the saturation factor S,
~, has a different meaning. When ST &&1 Ap tends
to T ', i.e., the half-width of the central spin pac-
ket; since ST is generally greater than 100 in our
measurements on the ~ = ~, line, the value of T„
which one gets from Eq. (3) represents the effec-
tive transverse relaxation time of a single spin

packet. When S= 0 (this is the case of the line
resonating at sr=-, u&, ), ~, =e, and the value of T»
which one gets from Eq. (3) is e, ', the inverse of
the half -width of the total line. Obviously, no
stirring effect is taken into account in deriving
Eq. (7): since our measurements of T„are made
on the line at ~ = ~„where the condition ST && 1
is amply satisfied, any observed power depen-
dence of T„has to be ascribed to a stirring ef-
fect on the central spin packet.

*Partial general support was also provided by the
Comitato Regionale Ricerche Nucleari, Palermo,
Italy.
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