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We express co in a series with H as the expansion
parameter:

07=Gop+rprH+cpsH + ' ' '. (A9)
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X t D(—kp)C(0)+D(0)C(kp) j). (A10)

Here R(0) and G(kp) are of the order of H', C and D are
of order H, and A (0) is of order H'. The expression in
the curly brackets is equal to zero. Thus as noted in
Sec. 3.4, pp(0) is zero to ftrst order in H.

It is interesting to note that this result does not hold
true for the case of an antiferromagnet confined to an
easy plane with an applied field in the plane perpendicu-

For cp(0), the frequency of interest, rpp
——0. It is

possible to expand (AS), choose the lowest order terms
in H (of order H'), and set them equal zero. (This
corresponds to the usual perturbation method. ) This
gives a value for H' cur(s0),
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Using (ASa) and (A7a),
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'4 T. Nagamiya, K. Vosida, and R. Kubo, Advancesin Physics,
edited by N. F. Mott (Taylor and Francis, Ltd. , London, 1955),
Vol. 4, p. 1.

lar to the unperturbed position of the spins. "For this
particular case, ko lies at the edge of the Brillouin zone
so that +kp and —kp are equivalent. This means that
S(q+kp) is the same as S(q—kp). In this case, (AS)
reduces to a 4)&4 determinant with no elements con-
necting q=0 and q=ko.
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Nuclear Magnetic Resonance in Metallic Single Crystals

PAUL L. SAGALYN AND J. ANTON HOFFMANN

Materials Research Laboratory, Ordnance Materials Research Once, Watertown, 3IIassachlsetts

(Received December 26, 1961)

A method is presented for observing nuclear magnetic resonance absorption in metallic single crystals.
Single crystals thick compared to the skin depth are used and accurate corrections are made for the dis-
tortion due to eddy currents. Experimental results for aluminum and copper single crystals with the fixed
magnetic field parallel to the [001$, L111), and L110$ directions, respectively, demonstrate the feasibility
of the method. The Knight shifts in aluminum and copper are found to be isotropic and equal to the powder
values. The experimental second moments vary with orientation approximately in proportion to the theo-
retical second moments, but are somewhat larger, as in the powders.

INTRODUCTION

S INCE the discovery of nuclear magnetic resonance
absorption (NMR) in metallic copper by Pound, '

XMR experiments have been performed on a, wide
variety of metals and alloys. Because of the classical
skin effect a,rising from eddy currents, the radio-
frequency magnetic fields will penetrate a good con-

' R, V, Pound, Phys. Rev. 73, 1112 (1948).

ductor only to a depth of a few thousandths of a centi-
meter. For this reason, virtually all the NMR work on
metals up to now has been performed on finely divided
powders, thin polycrystalline foils, or thin evaporated
layers. No NMR experiments have been reported on
metallic single crystals. It would be highly desirable in

studying many phenomena in m.etals, such as a,niso-
tropic Knight shifts and relaxati. on times or quadrupole
interactions, to work with single crystals. The purpose
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FIG. 3. Resolved nuclear resonance absorption spectra, x"(v),
in an aluminum single crystal for the magnetic field parallel to the
[001] and [110]directions. The areas under the two curves are
equal. vp(x") is the resonant frequency of x"(v) [the frequency at
which dx" (v)/dv=0]. vp(x'+x")lpp&l and vp(x'+x")[flpJ are the
"resonant frequencies" of the experimental derivative curves for
the [001]and [110]directions, respectively. [vp(x'+x") —vp(x")]
is the eddy current shift, Au«.

about 45 kc/sec for aluminum and 30 kc/sec for copper.
The single crystals are 2 in. diam and ~~ in. long, with
the $1107 direction parallel to the axis of symmetry.
They are inserted in the probe coaxially with the rf coil
so that the rf magnetic field is parallel to the cylindrical
surface of the crystals. The resulting signal-to-noise
ratio is about 100 to 150 in aluminum and 50 to 75 in

copper, depending on orientation.
We have determined the absorption spectra, x"(v),

for the fixed magnetic field parallel to the L0017, L1117,
and L1107directions. Examples of such x"(v) curves are
shown in Fig. 3. All the x"(v) curves for both aluminum

and copper are very symmetrical except in the regions
of the tails where the experimental uncertainty is rela-
tively large. The line shapes in aluminum and copper
powders are also symmetrical, as is well known, but the
line shape in aluminum powder is considerably more
rectangular than in copper powder. In the copper single

crystal, we find that the L1117and $1107 line shapes are
almost identical and are only slightly Ratter at the top
than the $0017 shape. The shapes in all three directions
are very similar to the shape in copper powder. In the
aluminum single crystal, however, the L0017 shape is
very similar to the copper shapes, whereas the L1117
shape is somewhat more rectangular and the L1107
shape is considerably more rectangular. The latter may
be seen in Fig. 3. These results indicate that the mecha-
nism that causes the pronounced difference in line shape
between aluminum and copper powders is not isotropic.

Table I lists the results for the Knight shifts, line-

widths, second moments, and eddy current shifts in

aluminum and copper for the L0017, L1117, and L1107
directions, together with the powder results for corn-
parison. The tabulated data are the averages of two
runs for aluminum and three runs for copper, except
where noted otherwise. Column 3 shows that the Knight
shifts for both aluminum and copper are isotropic and
equal to the powder values, within the small experi-
mental uncertainty. While an anisotropic Knight shift
in aluminum and copper is not impossible in principle,
it is unlikely, and the close agreement of the Knight
shifts for the three orientations and powder, despite a
considerable variation in the magnitude of the eddy
current shift with crystal orientation, is unlikely to be
an accident and is the best test we have of the validity
of the method of resolving x"(v). Column 4 gives the
eddy current shifts, Av, .= vp(x'+x") —vp(x") (see Fig.
3), which are seen to vary with orientation. The line-
widths, bv, (peak-to-peak separation in dx"/dv), are
given in column 5. ~v,. would be proportional to bv

for constant line shape. From column 6, this is seen to
be true for copper but not for aluminum where the line

shape changes appreciably with orientation, as men-
tioned above. Column 7 shows that the linewidths vary
with direction approximately but not exactly as the
square root of the theoretical dipolar second moments,
which are given in column 8. Column 9 gives the experi-
mental second moments. Within their large uncertainty,
they vary in proportion to the theoretical dipolar second
moments, but in most orientations are definitely larger,
which is well known to be the case in the powders. The
uncertainties in the experimental second moments are
too large to permit a significant determination of the
orientation dependence of the excess broadening.

CONCLUDING REMARKS

The thick-sample method appears to be applicable
to a number of pure metals and alloys, in single crystal
or polycrystalline form. In cases where the signal-to-
noise ratio is unfavorable, the simple geometry used in
the aluminum and copper experiments would not be
adequate. However, the total surface of the sample can
be increased by cutting slots in the crystal or by stack-
ing a number of thick crystals. Anisotropic effects in
single crystals of noncubic metals will be of particular
interest. Pure quadrupole resonance and relaxation
time measurements on metallic single crystals should

also be possible.
We are indebted to Dr. Ralph J.Harrison for valuable

discussions, to Mrs. Anna Hansen for carrying out the
numerical computations, to John DeMarco for orienting
the single crystals, and to Kenneth I.Blacker for his

help in the experimental program,




