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DYNAMIC PROTON POLARIZATION IN AlK AND AI(NH,) ALUM*
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Over 50% proton polarization has been attained in three sulfate alum crystals contain-
ing dilute Cr®* ions, at 1 K and ~19.5 kG, with limited microwave power (~% W). The
EPR spectra are dominated by the (=3,3) transition, with linewidths varying from 10 to
22 G. Al(NH,) alum should make useful polarized proton targets because it contains 1.97
times as much hydrogen by weight as lanthanum magnesium nitrate.

In AIK(SO,),* 12H,0 and Al(NH,)(SO,),* 12H,0,
each Al ion is surrounded by six water molecules
forming a regular octahedron, with an Al-H,O
separation of about 2 A.! If a small fraction
<0.5%) of the diamagnetic Al is replaced with
paramagnetic Cr®* ions, the paramagnetic ions
are dipolar-coupled with the protons, forming a
system suitable for dynamic proton polarization
by the “solid effect.”> We have studied the EPR
spectra, relaxation times, and dynamic proton
polarization in four alum crystals, along with a
lanthanum magnesium nitrate (LMN) crystal for
comparison.?

Though Cr3* has a spin S=3, the EPR spectra
are dominated by the (-3, 3) transition, especial-
ly when the (111) plane is oriented perpendicular
to the magnetic field H (see Fig. 1). An explana-
tion of this was given by Bleaney,* who suggested
that the zero-field Stark splitting is not quite
constant throughout the mixed crystal; this
smears out the EPR lines, except for the (-3, 3)
transition. The theoretical EPR spectra® can
still be identified at 1.3 K in AlK alum, and from
the spectra of crystal No. 1 we measured the
zero-field splitting 2D, obtaining 332 MHz, cor-
responding to 0.011 cm ™!, We were also able to
measure the hyperfine coupling constant |A| for
Cr®, obtaining (1.6 £0.05)x10 "3 cm ™% Details
of the EPR results are contained in an article
to be submitted elsehwere.

The values of p ., in Table I are the maximum
(negative) proton polarizations we measured, and
are limited by the microwave power delivered to
the cavity (190 +290 mW).” Since the allowed and
“forbidden” EPR transitions are sufficiently
well separated (30 G) that only the tails of the
EPR lines overlap,® the theory of dynamic polari-

zation in dipolar crystals by Jeffries® and Bor-
ghini'® applies. The steady-state polarization is
given by

= PO
Ps =T+ PA+S,,/5) @)

where P is the thermal equilibrium polarization
of the ions, f is the leakage factor, S is the
EPR saturation factor, and S,,, is a constant
which depends on the crystal properties and the
magnetic field. S was determined from the cavi-
ty @ (~2000) and the microwave power. The po-
larization grows in with a single time constant 7,

p@=p (1-e7*7). (2)

We determine both p¢ and 7 from polarization
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FIG. 1. The EPR spectrum of A1(NH,) alum crystal
No. 4 with the (111) planes perpendicular to the mag-
netic field. The positions of the four Cr®® hyperfine
lines are indicated. The derivative of the proton NMR
line, at —44% polarization, is shown as an insert.
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Table I. Properties of the crystals, conditions during dynamic proton
polarization, and the measurements.

AlXK No.l A1K No.2 Al(NHA)No.3 Al(NH4)No.4 LMN

Weight (mg) 460

Al:Cr ratio 435

Cr ions/cms(x 1018) 5.14

EPR line width (G) 20

Tle at 0.96 K (ms) 2.5

T;, at 0.93 K (s) 13,000

Polarization conditions:
Temperature (K) 1.00
Magnetic field (G) 18,932
Microwave freq. (GHZ) 52.40
Microwave power (mW) 190
Microwave field (mG) 84

Prax %) 54

P, (- %) 64

T (minutes) 90

Leakage factor, f 0.0020

Saturationc, S 31

S% 11

B 1.16

Experimental T, &) 5.5

501 330 290 357
215 380 590 100®
10.39  5.73 3.69 15.8°
15 22 10 6

2.0 3.0 2.8 11.5
3,950 3,350 1,350 1,320
1.00 1.02 1.02 1.00
19,575 19,553 19,593 19,598
54.18  54.12 54,23 74,08
190 290 260 200
84 102 97 73

43 53 51 77

50 58 55 80

53 23 19 10
0.0026  0.0095 0.034 0.021
32 50 92 480
23 23 47 79
1.39 1.09 1.48 1.30
6.4 4.4 3.6 5.3

2The nominal La:Nd ratio.

bNd ions/em? (x 1019,

¢S =T, T, Hi,)?, wherey, is the ion gyromagnetic ratio and H,, is the
microwave field, given above. T,, was calculated from the EPR linewidth.

growth curves, three of which are shown in Fig.
2. The value of T is given by®

T=T1,[1+S/S,,,A+]7Y (3)

where T,, is the proton relaxation time. Drop-
ping the factors (1+f) which equal ~1, Eqgs. (1)
and (3) can be combined to obtain

7/T,p +ps/P,= B, (4)

where the theoretical value B=1 apparently as-
sumes that the magnetic resonance is perfectly
tuned; experimentally B >1.

The ratio o of the forbidden to allowed transi-
tion rates is given by®

ol
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where T,, is the ion relaxation time, g is the
ion g factor,” and 8 is a Bohr magneton. The
radii 7, and 7, refer to the shell-of-influence
model,® in which 7,= (47N/3)~"3 (N is the num-
ber of paramagnetic ions per unit volume), and
7, is the distance between an ion and the closest
protons. Because of the local magnetic field of
the ions, the resonant frequency of the closest
protons is more than a linewidth away from that
of the majority of the protons, so the closest
protons are not pumped by the microwaves. This
justifies replacing the crystallographic ion-pro-
ton separation with a larger radius. We suggest
that 7, should be considered a parameter deter-
mined by experiment. We have used p, from the
polarization growth curves and Eqs. (1) and (5)
to calculate experimental values for 7,. The ac-
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FIG. 2. Polarization growth rate curves for LMN
and A1(NH,) alum crystals No. 3 and No. 4. All polar-
izations shown are negative and the growth rate con-
stant is given in minutes. The solid lines fit the equa-
tions given.

curacy of the measurements and the ability of
the theory to give consistent results with differ-
ent crystal parameters is indicated by the varia-
tion in the values of B and 7, in Table I. Both p,
and 1/7 would be larger with more microwave
power,

The long T,, for LMN contributes to the large
value of S, and indicates that the ion spin-lattice
relaxation in LMN is more strongly “phonon bot-
tlenecked” than in the alum. The long T,, for
AIK alum No. 1 is responsible for the 90-min
value of 7 and apparently results from higher
purity. From measurements of T,, on this crys-
tal at 0.93, 1.17, and 1.46 K, we estimate that
T,, may be about 3 days at 0.5 K, where Gunter
and Jeffries® measured 40 h for LMN (at 19.5
kG). Such a long relaxation time would make
pure AlK alum very useful for “storing” proton
polarization.

In considering the utility of alum crystals for
polarized-proton targets, we point out that they
have the advantage of a higher hydrogen density
by weight than LMN, by a factor of 1.6 for AlK
alum and 1.97 for A1(NH,) alum. LMN requires
less microwave power and has a larger P, in a
given magnetic field. At a high magnetic field
(26 kG), and using a high-power microwave os-
cillator,'® these advantages will provide only 5%
additional polarization in LMN, while using
Al(NH,) alum will expose approximately twice

the number of polarized protons to the beam for
the same charged-particle energy loss. If the
alum has any advantage over the recently devel-
oped hydrocarbon targets,'* it results from the
convenience of handling a solid crystal at room
temperature, the reliability of using a crystal
whose performance has been measured before it
is put in the beam, and the simplicity of a target
system that does not require cooling with liquid
*He.

We thank Dr. J. E. Simmons, Dr. J. A. Jackson,
and Mr. J. C. Martin for assistance with equip-
ment used for the measurements.
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The pressure variation of resistivity and optical absorption in SmTe has been studied.
A continuous pressure-induced semiconductor-to-metal transition is observed, which we
ascribe to the promotion of electrons from the 4f level into the conduction band as the
gap between them shrinks with pressure and finally vanishes. The gap deduced from the
saturation resistivity ratio p (P)s,, /p(0) is in good agreement with the gap of 0.62+0.02

eV obtained from infrared absorption data.

The monochalcogenides of Sm, Eu and Yb crys-
tallize in the NaCl structure! and are found to be
semiconductors.?*3 Because of their interest as
magnetic semiconductors the Eu chalcogenides
have received the most attention in recent years
and quite extensive optical absorption measure-
ments? and some pressure work®® have been re-
ported on them. Similar studies are conspicuous-
ly absent in the case of Sm and Yb compounds.
This Letter reports the discovery of a continuous
pressure-induced transition in SmTe from semi-
conducting to the metallic state, as the pressure
is increased from 0 to 55 kbar. We ascribe this
semiconductor-to-metal transition to the promo-
tion of electrons from the 4f level into the con-
duction band as the gap between them shrinks
with pressure and finally vanishes. The energy
gap deduced from resistivity measurements is
good agreement with our optical absorption data.
We believe that the pressure behavior described
for SmTe will prove to be the general pattern for
the semiconducting rare-earth monochalcoge-
nides.

Samarium telluride was prepared by reacting
Sm metal chips in Te vapor at about 900°C for
48 h and subsequently melting the sample in a
tantalum tube. The ingot thus obtained was poly-
crystalline, with fairly large-sized single crys-
tals. The NaCl structure' and the lattice con-
stant appropriate to SmTe were verified from
the powder x-ray diffraction data. For resistivi-
ty measurements, single-crystal samples were
cut from selected regions in the ingot. Ohmic
contacts were provided with indium and the stan-
dard four-probe technique was used to measure
the resistance. The room-temperature resistivi-
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ty was approximately 10® € cm. For optical ab-
sorption studies, a polished single-crystal plate
approximately 15 mm? in area and 0.1 mm in
thickness was used.

High-pressure resistivity measurements were
carried out under hydrostatic conditions up to
about 45 kbar using n-pentane-isoamyl alcohol
mixture as pressure medium, and up to 55 kbar
using AgCl as pressure medium, in a piston-
cylinder device. The two sets of measurements
were in good agreement in the region of their
overlap. The data on resistivity versus pressure
are reproduced in Fig, 1, It will be seen that the
resistivity decreases by almost seven orders of
magnitude and saturates at about 55 kbar. The
logarithm of resistivity versus pressure exhibits
two straight-line regions, with a break in slope
at about 20 kbar. The pressure coefficients
dlnp/dp are —0.10 and —0.46 kbar ~!. These
slopes yield =2.6X107% and —11.9X1072% eV/kbar
for the pressure coefficient of the carrier activa-
tion energy. At low pressures the temperature
coefficient of resistivity is strongly negative and
varies strongly with pressure. At the highest
pressure it becomes positive, showing thereby
metallic behavior.

Figure 2 shows the optical absorption as a func-
tion of photon energy. The principal absorption
edge is centered at about 0.62+0.02 eV (~2 um).
There is a subsidiary absorption at longer wave-
lengths centered at about 3 um (0.38 eV). A
weak absorption band centered at 0.22 eV (~5.6
um) with a half-width of 0.02 eV was also ob-
served (not shown in Fig. 2) in our scanning be-
tween 5 and 15 pm. :

In order to explain the resistivity and optical




