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NUCLEAR MAGNETIC RESONANCE SHIFT OF Xe IN SOLID XENON~
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Nuclear magnetic resonance studies have re-
vealed that the local magnetic field at a Xe nu-
cleus changes as the density of the xenon sample
is varied in a constant external magnetic field
H, . %e define a shift ~ as the difference be-
tween the local field in our sample and the local
field in a dilute gas sample (isolated atoms) when

both samples are located in the same Bo. In this
manner ~ describes only the change in the local
field resulting from interactions with other atoms.
This type of shift was first discovered and studied
in the gas and liquid phases of xenon' 4 where it
was found to be directly proportional to both the
density p and Bo. Recently Yen and Norberg'
have studied the local magnetic field for the sol-
id phase of xenon at one value of Ho and found it
to vary linearly with density.

We have now measured the dependence of ~
on both Bo and p for the solid. %e find that ~
is directly proportional to B~. Although we have
confirmed that ~ varies linearly with p we ob-
serve a rate of change of ~ with p which is ap-
proximately four times smaller than that reported
by Yen and Norberg. In addition, we have deter-
mined the change in ~ at the triple point tran-
sition between the liquid and solid phases.

In our measurements we have used the same
samples previously used in this laboratory. ~&

In the present work the temperature of these
samples was varied between 77'K and 150'K
such that the solid was always in equilibrium with
its own vapor pressure. The densities of the
solid were determined from the solid-vapor co-
existence curve. ' To determine ~ we measure
the difference in the frequencies of the free-pre-
cession decay signals following 90' pulses' ap-
plied to our reference sample at room tempera-
ture and to our second sample contained in a
cryostat. Ne measure this frequency difference
by first adjusting Bo such that it is precisely at
the resonant value for the reference sample
—i.e., we obtain a zero beat frequency between
the decay signal of the reference sample and the
stable radio-frequency signal of the continuously
operating oscillator within the gated pulse appar-
atus. Then, after having moved the cryostat
sample quickly and accurately to a position where
the value of H~ is identical to that used for the
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FIG. 1. The shift&H(p/583) of Xe'2) for s solid xenon
sample relative to a sample of density 583 amagats, as
a function of density p (or temperature T) for three
values of the external field Hp.

reference sample, we apply the 90' pulse to the
cryostat sample and observe the new beat fre-
quency between the new decay signal and the
stable oscillator signal. Since the gyromagnetic
ratio of the Xe'29 nucleus is well-known, this
provides a direct measurement of ~.

Because of the small signal-to-noise ratio and
the long spin-lattice relaxation time of a dilute
gas sample, we use a fast relaxing (slightly doped
with oxygen) gas sample of density 310 amagats
as our reference in the actual measurements.
(For xenon one amagat unit of density is 4.49
x10 ' mole/cm'. ) We denote the shift for a sam-
ple of density p relative to this reference sample
by ~(p/310). The shift ~(310/0) of our ref-
erence sample relative to the dilute gas is well
known [see Eq. (2) belowt, and therefore the ab-
solute values of ~ for the solid are easily de-
termined.

Measurements of H(p/310) were made for
three values of the external field, 4.28 kG, 8.52

kG, and 12.10 kG. Our results are indicated in
Fig. 1 where we have plotted the shift relative
to a new arbitrary reference point (583 amagats)
in order to limit the numerical range of the fig-
ure. The shifts ~(583/310) of this reference
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a m/ap = (4.22 ~ 0.05)10-'H, (2)

reported for the gas and the liquid' or the value
(4.63 + 0.14)10 'Ha obtained for the gas, ~'~ but it
is nearly four times smaller than 20.4 &10 'Bp
which is the rate of change Yen and Norberg'
obtained in the solid between 4.2'K and 160'K
at Hp=8920 G.

If we plot the shifts ~(583/310) as a function
of the external field we find them to be propor-
tional to Bp. A least-squares fit yields

~(583/310) = (1.50+ 0.05)10 H . (3)
From this equation we can calculate the shift of
the solid phase at the triple point 161'K (density
576 amagatss) with respect to 310 amagats by
using Eq. (1):

~(576/310) = (1.46 + 0.05)10 H .
This result may be compared with the value we
obtain by extrapolating the gas and liquid results
[Eq. (2) j up to 576 amagats. We find that this
value (relative to 310 amagats) is only (1.12
+0.03)10 «Ho. The difference between the ex-
perimental value for the solid and this extrapo-
lated value for the gas-liquid line is (0.34
+ 0.06)10 ~Ho. Thus, in addition to having a
slope different from that of the gas-liquid line,
the solid line is displaced relative to the ex-
trapolated gas-liquid line at the triple-point den-
sity.

Finally we calculate the shift ~ of a xenon
atom in the solid phase at density p relative to
the isolated atom by using Eqs. (1), (2), and (3):

(310/0) + nH(583/310)solid gas

+(am/ap) . (p-583)
solid

= (-2.9 a 2.0)10
H0

+(5.3+ 0.3)10 PH . (4)
0

188

point relative to 310 amagats at the three dif-
ferent Ho values are (0.677 + 0.016) G, (1.267
+0.016) G, and (1.804+0.018) G, respectively.
The indicated errors are root-mean square de-
viations.

The measurements at Bp 8 52 kG indicate with-
in the experimental errors that ~(p/583) is pro-
portional to the density. If the external field is
changed the shift per unit density also is found
to be proportional to Hp. A least-squares fit
gives

(a~/ap) . =+(5.3+ 0.3)10 'H
solid

for the density rate of change. This rate is
slightly greater than the value

Although there is a displacement and a change in

slope upon going to the solid, the line describing
the data for the solid [Eq. (4)) nearly passes
through the origin as does the line describing the
data for the gas and liquid [Eq. (2)). Whether
or not this has physical significance remains
an open question, particularly in light of our
limited understanding of the density proportion-
ality of the shift in the liquid and solid.

The discrepancies between our results and
those of Yen and Norberg are not understood.
The experimental methods differ at several
points, particularly in the measurement of
changes in the local magnetic field. ' The sam-
ples also differ in impurity content. Our cry-
ostat sample which was very slightly contami-
nated by oxygen for experimental convenience
was replaced in one measurement by a very pure
sample. However, no change in the shift could
be observed. Some of Yen and Norberg's sam-
ples were contaminated with air, but they also
have experimental data' to indicate that this
impurity, including nitrogen, does not affect
the result.
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