2132 ROBERT

kinetic-energy” model is given by D. J. Thouless, The
Quantum Mechanics of Many-Body Systems (Academic,

New York, 1961), p. 101,
1. P. Gorkov, Zh. Eksp. Teor. Fiz. 34, 735 (1958)

[Sov. Phys.  JETP 34, 505 (1958)].

%Ww. A. Little, Phys. Rev. 134, A1416 (1964),

3R. A. Bari, Phys. Rev. B 3, 2662 (1971),

Up straightforward application of molecular-field the-
ory in the presence of two order parameters gives the
free energy (per site) f=A%/4L+6%/4L;, =k T In(2{ef1/2+
cosh [} B(A%+6%1/2]}) where 6 represents the order param-
eter of the ferroelectric phase. We also note that the

A. BARI 7

competition between a lattice distortion and superconduc-
tivity had been studied in the opposite limit of the Hubbard
model (I;=0, #;; #0) by D. C. Mattis and W. D. Langer,
Phys. Rev. Letters 25, 376 (1970).

5p, W. Anderson, Phys. Rev. 112, 1900 (1958).

1p, M. Chaikin, A. F. Garito, and A, J. Heeger,
Phys. Rev. B 5, 4966 (1972).

yu. A. Bychkov, L. P. Gorkov, and I. E. Dzyalosh-

‘inskii, Zh. Eksp. Teor. Fiz. 50, 738 (1966) [Sov. Phys.

JETP 23, 489 (1966)]; I. E. Dzyaloshinskii and A. L.
Larkin, Zh. Eksp. Teor. Fiz. 61, 791 (1971) [Sov. Phys.
JETP 34, 422 (1972)].

PHYSICAL REVIEW B

VOLUME 7,

NUMBER § 1 MARCH 1973

Transferred Magnetically Induced AF?" Quadrupole Interaction in GdAl,

J. Degani* and N. Kaplan
The Racah Institute of Physics, The Hebrew University, Jerusalem, Israel
(Received 15 August 1972)

A direct observation of a magnetically induced electric field gradient (efg) at a nonmagnetic Al site in
ferromagnetic GdAl, is described. The efg was determined from accurate measurements of the A7

nuclear-spin-echo envelope-modulation frequency, performed on Al

in a sites for which the magnetization

M and the crystaline efg axis are colinear. Monitored as function of M, it is found that the total efg in

a sites is given by ¢ =q,~(M/M,,,

)4q,,, with e2Q?"q, =4.19£0.05 MHz and ¢*@*"¢,,=0.577 £ 0.05

MHz. The origin of ¢, is as yet unclear, since simple models leading to induced efg will result in A/?
dependence for the transferred induced efg term, contrary to the linear M dependence presently observed.

In recent years there have been several reports
about nuclear -quadrupole-interaction (QI) mea-
surements in which a magnetically induced elec-
tric field gradient (efg) was observed at the nu-
clear site of magnetic ions in solids. 2 In these
ions the electronic wave functions of the unfilled
magnetic shell, and thus the charge distribution
around the ionic nucleus, depend on the state of
magnetization of the ion, which in turn results in
a magnetization-dependent efg. Now, in analogy
with the case of magnetic hyperfine interactions,
one might also search for a process in which the
efg at the nuclear site of nonmagnetic ions in a
crystal is effected by the state of magnetization of
a neighboring magnetic ion. In principle, any
crystal in which magnetic-transferred hyperfine
interaction has been identified is suitable for such
a search provided 7>1, where I is the spin of the
nucleus of the nonmagnetic ions. The search to
be described was conducted on ferromagnetic
GdAl,;, in which the Gd has the role of the mag-
netic ions and the sizable M-dependent Al%" QI
was detected in the nonmagnetic Al ions. We be-
lieve this report provides the first direct experi-
mental evidence for the existence of a transferred
magnetically induced efg in solids. 3

Familiarity with some features of the compound
is essential for the understanding of the present

experiment: GdAl, is an intermetallic compound

of the cubic Laves phases structure?; there are

16 Al ions in the cubic cell (Fig. 1), forming four
tetrahedra, and the point symmetry of each Al is
3m, with the threefold symmetry axes parallel to
the principal diagonals of the cubic unit cell; below
176 °K, the Gd moments order ferromagnetically

Large circles represent

Unit cell of GdAl,.
Gd and small shaded circles represent Al ions.
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FIG. 2. Spin-echo-decay modulations at 80°K. (a)
Observation on a sites; (b) Observation on b sites. In-
sert in (b) shows the geometry of an Al tetrahedron.

along the [111] direction, 5® forming two inequiva-
lent Al-site groups—representatives of which are
labeled (a) and (b) in Fig. 1. The Al?" Hamilto-
nians of the groups differ from each other. First,
the local magnetic field acting on Al in a sites
is ~ 20% larger than that acting on A1%7 in b sites,
resulting in two well-separated NMR absorption
lines, a and b, which can be studied separately.
Secondly, the direction of the threefold symmetry
axis passing through an a site coincides with the
[111] direction of M, whereas the threefold axes
through the b site, directed along [T11], [1T1],
and [111], form an angle 6="70°32" with the [111]
direction of M [see insert in Fig. 2(b)]. We shall
return to the symmetry problem later in the paper.
The QI in the present study was measured by
utilizing a spin-echo technique first described by
Abe, Yasuoka, and Hirai.” The method can be
outlined briefly as follows: When a QI term is
added to a nuclear Zeeman Hamiltonian, the usual
monotonic T, decay of the nuclear-spin-echo en-
velope, following a standard 7-7-7 pulse se-
quence, is modulated by oscillations, the frequency
of which depends on the QI. For an axially sym-
metric efg, the explicit expression given in Ref.
7 for the echo amplitude, for nuclei with I=% (as
in A1%7), is

4
E(27)=e2"T2 35 C,cos(2nar+6,) |, (1)
n=0
where a=[3e?Q¥q/8I(2I - 1)] (3cos?0 - 1), C, and

0, are constants depending on initial conditions and
on the shape and width of the rf pulses, and 6 is
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the angle between the efg axis and the local mag-
netic field. It has been found in the course of the
present study that for practical purposes the higher
harmonic terms in (1) can be neglected. We then
write

E(27)=e?"Cy+C cos(2aT+5,)] | @)

with T,, 8,, C,/Cq, and a as parameters, and it
is immediately verified that the echo decay is in-
deed modulated at a frequency proportional to the
QI.

Using a rather elaborate signal-averaging sys-
tem, we have recorded accurately—both digitally
and graphically—the modulated-echo-decay en-
velope as a function of the separation 7 between the
rf pulses. A representative graphical recording,
obtained by accumulating data during a ~ 10-min
period for a-site nuclei at 80 °K, is shown in Fig.
2(a). A least-square fitting of the theoretical
functional decay (2) to the experimentally recorded
data yields immediately the value of a, with typ-
ical accuracy of +0.3%. In favorable cases, e.g.,
when temperature errors were minimal, accura-
cies as high as +0.006% were realized. The ac-
curacy obtained for the QI is remarkable if one
notes that the NMR width of the a absorption line,
as well as that of the b line, is ~4 MHz.*® This
broadening reflects a spread in the total Hamilto-
nian of individual @ sites which is 3 to 4 ovders of
magnitude lavger than the typical error quoted
above for the QI, and it demonstrates the power
of the present technique to uncover relatively
small QI, otherwise masked by much larger Zee-
man inhomogeneity.

Technique and accuracy at hand, it is a simple
matter of measuring the echo-decay modulation
as function of M, from which a(M) is readily de-
termined as above. The variation of M, in the
range 0.59 <M/Mg, < 0.99, was achieved by vary-
ing sample temperature between 4 and 112 °K,
with M values being determined from two indepen-
dent experimental M(T) curves. ®° The resulting
variation of 3e2Q%%g/4I(2I - 1) with M for the a
group—{for which 6=0°—is shown in Fig. 3, where
the remarkable linear decrease of the QI with in-
creasing M is clearly displayed, providing direct
evidence for the existence of transferred magne-
tically induced efg at the a sites of GdAl,. Similar
measurements were conducted also on b nuclei and
a typical recording, again accumulated during
~10-minperiod at 80 °K, is shown in Fig. 2(b).
The accuracy in determining modulation frequen-
cies f on b sites is much poorer than that for a
sites, but once again a significant M dependence
could be detected in f.

Marked differences between the results observed
for the two site groups deserve further attention:
(i) f observed for b sites [Fig. 2(b)] is only about
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one-half that of f(a)[e.g., f(b)=280x3 kHz at
77°K); (ii) the “quality factor” of the modulation,
defined as the number of observable oscillations
divided by f, is about 10 times larger for a signals
than for b signals; (iii) the “quality factor” of

the b line deteriorates substantiallyas M decreases,
whereas that of the a line remains essentially con-
stant. A closer look at the environment of each
site is required to explain the differences. The
general nuclear Hamiltonian, including both Zee-
man and quadrupole interactions, is given exactly
by

2,
Sy hHol, + ol (32— I+ 1) +$ @2 =1)),  (3)

4121 -1)

where the (v, y, z) coordinates are selected so that
H, is along the z axis and the spin components I,
I,, and I_ are expressed in the principal coordinate
system (X, Y, Z) of the efg tensor V,;=08%V/ox,8x,.
In general the z direction does not coincide with
any of the X, Y, Z axes. The Hamiltonian (3) can
now be written explicitly for the A1?? in GdAL,
after assuming that there are two sources for the
efg; the first is the usual crystalline efg, which
is the only source in paramagnetic GdAl,. As each
Al has a threefold crystallographic axis, the crys-
talline efg, ¢., has also a symmetry axis, parallel
to the crystallographic one. A second source is a
magnetically induced efg, ¢,(M). Obviously, g,
must be axially symmetric along the M direction,
namely, along [111], for both site groups. Thus,
the two groups will possess different symmetry
properties and must be treated separately.

Group a. Here the direction of M (which is also

the direction of the local magnetic field) coincides
with the crystallographic axis, both being along
[111], and as a result both ¢, and ¢,,(M) have the
same axial-symmetry direction. Therefore the
total efg will be axially symmetric (i.e., 7=0)
along the local magnetic field (i.e., Z||Z). In this
case the Hamiltonian (3) can be considerably sim-
plified and we can write

e’Qq
4r(2r-1)
The Hamiltonian (4) is diagonal and the transition
frequency Aw, between two adjacent energy states
E, and E,_; will be given simply by

3¢(a) =yhH,(a) I+ [BE-II+1)]. (4)

E,-E 3e°Qq
= n LS = — ——— ©
Aw,,—-—"—Lh vHo+ (2n 1)4I(ZI+1)’

(5)
n=l -, = |I-1].

When transitions between several n—-n»n — 1 pairs
are induced simultaneously—as is the case in the
present spin-echo study—the interference between
adjacent transitions results in a beat, or modula-
tion of the average transition frequency, given by

3 2
Wmoa =5 (Awn = Awy, 1) = '41—&'?_61—17 .

(6)
We therefore expect the echo decay of a sites to be
modulated in accord with (6), but wy,.q, as given

in (6), is indeed identical with the modulation
frequency a found by Abe et al. in their calcula-
tion. Because w.,q in (6) is the same for every
two adjacent transitions, beats from all the transi-
tion pairs interfere constructively, resulting in
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the large “quality factor” that was observed for
the a line. From (5) and (6) it is also apparent
that the modulation frequencies listed in Fig. 3
are proportional to the efg ¢, and the proportion-
ality coefficient is independent of M. Thus, in
group a the variation of the modulation frequency
is a direct measure to the variation of the efg.
Group b. Here the situation is different. While
q. and ¢, eachhave axial symmetry, the twoaxes are
in different directions. The fotal efg tensor there-
fore lacks any special symmetry, and in the (X,
Y, Z) system the local magnetic field will be in
some general direction (6, ¢). As the Zeeman in-
teraction (~ 50 MHz) is much larger than the QI
(~4 MHz) it is convenient to choose quantization
direction z along the local field Hy. Transforming
from the (X, Y, Z) system results in a general
nondiagonal Hamiltonian 3C(b)=3C*(d) + 3 (5) + - - - .
The first-order term is given by

e*Qq

1 - —_—t

G[3-1u+1)], (1)
where G =3 cos®0 — 1+7sin®0 cos2¢. The size of
the higher-order terms depends on the ratio of
e®Qq/hyHy=vq /vy. For vq/vy<<1, the diagonal
term (7) would describe the system and, as in the
a group, we should observe modulation f (b)
=[3e2Qq/8I(2I - 1)] G, with a large “quality factor.”
For larger vq /vy the nondiagonal terms 32(d) +« - .
become important and the beat frequency of the dif-
ferent adjacent transition pairs will differ from
each other, resulting in four different w4 [unlike
the situation described in (6)]. A destructive in-
terference will result and the “quality factor” will
deteriorate with increasing vq/vy. Since for the
present study vg /vy =0.08 at 4.2 °K, and the ratio
incredases as M decreases (vy becomes smaller),
both the poor quality factor and the deterioration
of it with decreasing M, which have been observed
for the b line, are to be expected. Furthermore,
from (7) it is evident that even if higher-order
terms are negligible, modulation of b is still pro-
portional to G, and M dependence of G may be
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caused by any of the parameters ¢,7, 0, ¢, apart
from the direct M dependence of g. We conclude
that presently only line a is suitable for a reliable
measure of the induced efg, and consequently the
method used in Ref. 5 to deduce the existence of
measurable g, was insufficient for that purpocse.

Returning to the QI data of line a, the total efg
parameter ¢ is best described as

q=q - M dm €°Qg,=4.19+0.05 MHz,
Msat.

€*Qq »=0.577+0,05 MHz. (®)
It is reassuring to note that the value of the crys-
talline efg ¢, in (8) is in excellent agreement with
measurements made in paramagnetic GdAl,.!* We
conclude from (8) that there is a negative mag-
netically induced efg on the A1*" of a sites, opposite
in sign to q., which depends linearly on M.

The exact origin for ¢,, is not yet understood.
One could suggest mechanisms leading to induced
efg, such as (i) direct exchange interaction be-
tween the tail end of the Gd 4f wave functions and
the partially localized 3p, or even inner 2p, elec-
trons of the Al. This interaction will unquench the
3p and 2p orbitals through the spin-orbit coupling,
and thus will redistribute electron charges around
the A1¥"; (ii) indirect process in which conduction
electron is first exchange polarized by the 4f shell
and then exchange interacts further with the Al p
electrons, the rest being the same as in mechanism
(i). However, simple arguments lead to the con-
clusion that both of the above mechanisms would
lead to M? dependence of the induced efg, con-
trary to the experimental results. It is believed
that similar measurements in single-crystal GdAl,
and on some other RAl, (R is a rare earth) com-
pounds would be required before the dominant
mechanism causing the induced efg will be clearly
identified.
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