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NMR study of hydrogen in ferromagnetic P-UH3
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NMR of pmtons in ferromagnetic P-UHq was observed at 4.2 and 85 K in zero external magnetic
field. The line was centered at vo ——19.4 MHz (T=85 K}. This frequency yields a value of
nf =(1.45 +0.1)pii for the uranium-ion magnetic moment. The large hnewidth (b.v=6 MHz) could
be explained by a distribution of the dipolar fields at the proton sites. The spectrum was also mea-
sured in an external field. The line shape agrees well with measurements made previously for
paramagnetic P-UHq. Line broadening in an external field is due to distribution of demagnetization
fields. The spin-spin relaxation time T2 ——90 @sec (at 4.2 K} is well explained by the proton-proton
dipolar interaction. T2 becomes shorter at 85 K and is field dependent.

I. INTRODUCTION

The magnetic properties of UHI in its two allotropic
forms a-UHI and p-UH3 have been the subject of many
studies since the discovery of the ferromagnetic order of
this material below Tc 173 K.' This high transition
temperature makes UHI especially interesting in view of
the absence of magnetic order in uranium metal. Several
groups have measured the magnetization of p-UHI by dif-
ferent methods. ' The measured values of the number of
Bohr magnetons pII per uranium atom in the ferromag-
netic nf and paramagnetic nz states, as well as the fer-
romagnetic Tc and paramagnetic Sc Curie temperatures,
are given in Table I. A large spread in the magnetization,
as found by different methods and in different samples, is
seen in the table.

The uranium atom has the configuration of
[Rn]Sf 6d7s . The small radius of the Sf electrons
would suggest that, as in the rare-earth atoms, the open
shells of Sf electrons would give rise to local magnetic
moments. The ground state of 5f is I9&z (such as that
of Nd +), which has nf ——3.27 and nz ——3.62. The experi-
mental values given in Table I show much smaller values
for nf and n~. The full localization of these 5f electrons
is thus in doubt. For the case of uranium metal, which is
nonmagnetic, it was shown that the radius of the Sf elec-

trons is not quite as small when compared with the intera-
tomic separation. Through the use of electronic band cal-
culations it was found that the 5f electrons populate
broad itinerant states which have strong hybridization
with the very broad 6d-7s bands. This situation resembles
the nonmagnetic transition metals more than the magnetic
rare-earth metals. The electronic band structure of u-UHI
and p-UHI was recently studied by Switendick. By com-
paring the crystal structure of p-UHI (Fig. 1) with that of
Iz-UH&, he has shown similar distances of first uranium-
ura111ulIl, uI'alliu111-llyd1 ogell, aIld llydroge11-llyd1 ogell
neighbors in the two phases. The similar magnetic prop-
erties of uranium atoms in the two crystallographically
inequivalent sites in P-UH&, indicate that the first-
neighbor distances are the main factor in determining the
magnetic properties of UHI. The large U-U distance in
UHI as compared with that in uranium metal might be
the reason for the partial localization of the 5f electrons
in UH3 On the other hand, there is an overlap between
the hydrogen-electron states and the 5f-electron states.

TABLE I. Magnetic properties of P-UHi.

Reference

0.65
0.7, 0.9'
0.6,' 1.2'
1.39'
0.7, 0.9'
0.7

2.44
2.79 173

175
175
181
181

173
137

'Magnetization measurements (weak external field. ).
bMagnetization measurements in external field up to 11.5 kOe.
Neutron diffraction.

FIG. l. Crystal structure of P-UHi. o, uranium atoms; e,
hydrogen atoms. Not all the hydrogen atoms are shown.
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The exact picture is thus rather complicated, as discussed
by Switendick.

An interesting approach in attex11ptlng to understand
the magnetization in P-UH3 and to bridge the gaps be-
tween the different experimental results (Table I) was
presented by Agyei. ' He applied the gx'oup-theoretical
approach to cell-preserving magnetic transitions. Accord-
ing to his calculations P-UH3 is not a simple ferromagnet.
His proposed magnetic structure is composed of pairs of
collinear spins, a part of which are antiparallel, so that the
total magnetization per uranium atom is, on the average,
only a quarter of that of the single ion for zero external
magnetic field Hc 0, an——d half of the value of the single
ion when Ho is applied parallel to one of the {100) direc-
tions of the P-UH3 crystal. Agyei's calculations do not
give the structure for an arbitrary direction of the external
Geld.

Nuclear magnetic resonance (NMR) is an important
tool in studying microscopic magnetic properties. The
NMR of hydrogen in paramagnetic P-UH3 was studied by
some groups. 4"' As discussed by Grunzweig-Genossar
et al. an external magnetic field H&& magnetizes the 5f
electrons which in turn polarize the s-like conduction elec-
troils till ollgh tile f sexcllailge c-ollplliig [the Ruderman-
Kittel-Kasuya- Yosida (RKKY) modelj. The s electrons
have nonvanishing amplitudes at the hydrogen-nuclei
sites. The Fermi-contact term gives rise to an internal
(hyperfine) magnetic field at the proton site. The NMR
frequency of the proton is thus shifted by this "transferred
hyperfine" field. The measured parameter of this shift
is the paramagnetic shift Ez. By measuring IC& as a func-
tion of rand comparing it with the susceptibility X data
at the same temperatures, Grunzweig-Genossar et a/. were
able to plot E& vs X, the slope of which yields the
transferred hyperfine-field constant H(i. They found
BE&/BX=0.4 mole/emu from which H(g=N~p~ BE~/
BX=2.2 kOe/pz, where Eq is Avogadro's number.

In the ferromagnetic phase we expect a similar
transferred hyperfine field to be induced on the protons by
the spontaneous magnetization. This means that the
NMR of protons in ferromagnetic P-UH3 could give im-
portant information on the spontaneous magnetization.
To our best knowledge, the NMR of hydrogen in fer-
romagnetic P-UH3 has not yet been observed, and here we
present the first study of this subject.

to prevent the free movement of the powder particles.
The resulting slurry was sealed in the quartz tube under
-300-Torr helium pressure. Part of the slurry was
analyzed by x-ray diffraction which revealed the presence
of a pure P-UH3 phase.

The NMR measurements were carried out with a pulsed
NMR system operating in the range of 5—90 MHz with
up to 5-kW pulses. In order to find the proton signal at
zero external field it was important to first estimate the
internal field. An estimate could be made by taking one
of the values of n/ given in Table I and assuming that the
value of the transferred hyperfine-field constant in the fer-
romagnetic phase Hhr is similar to that of Hfr. The inter-

nal field is then given by H;„, =nIH(r, to which the con-
tribution of the dipolar interaction is added to obtain the

total effective field H,rr on the protons. However, this
Geld was measured directly by Gmal et al. , ' who used In-
elastic neutron scattering to obtain H, ran=4. 5+0.6 kOe
which corresponds to vo ——19.6+2.5 MHz.

Gur first attempts to observe the spin-echo signal were
made on P-UH3 powder in a hdium atmosphere. Large
acoustic signals were obtained because the particles were
free to move. When the powder was mixed with silicone
grease these signals decayed permitting the observation of
the NMR signal in a very large frequency range,
v=14—25 MHz. The spectrum at 85 K is given in Fig. 2
after normalizing it to the sensitivity factor v . The
center of the line is at 19.4+0.5 MHz, and the linewidth
at half-intensity is about 6 MHz. These numbers are very
close to the results of Gmal et al."

The NMR spectra were also measured in the external
magnetic field by sweeping the field at different frequen-
cies. The line for vo ——47.0 MHz is given in Fig. 3. The
peak at 11 kOe is due to protons in the silicone grease. It
is broadened by the dipolar fields from the P-UH3 parti-
cles, but as seen from Fig. 3, it stays sharp enough to be

L

D

Uranium wire (nuclear pure) was placed in a quartz
tube and hydrogenated in a standard Sievert's apparatus.
The hydrogenation was carried out at about 250'C under
-700-Torr initial hydrogen pressure. The hydrogen gas
was taken from an ultrahigh-purity (99.999%) commer-
cial cylinder without further puriGcation. At the end of
the hydrogenation process the sample was thermally cy-
cled in the texnperature range 250—500'C in ordex' to as-
sux'e complete and homogeneous hydrogenation. Then,
the hydride was transferred (sealed in the quartz tube
under -400-Torr hydrogen pressure) to a dry-argon-
atmosphere glovebox where a thick silicon grease was
mixed with the powdered hydride. This was done in order

O

UJ

2 t6 PQ 24 28
2 (MHz)

FIG. 2. NMR spectrum of protons in P-UH3 at T =85 K
and zero external field after normalization by sensitivity factor
of v' . The line is centered at vo ——19.4+0.5 MHz. The
linewidth is hv=6 MHz.
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shown in Fig. 1. The structure is cubic with eight formu-
la units per unit ce11. The uranium atoms occupy the two
(nonequivalent) sites of P-W (A15) lattice,

(0,0,0), ( —,, —,, —,'),
1 1 3 1 1

Uii: (4 2 0) (4 Y 0) (0 4 2)

8 9
H (koq)

The 24 hydrogen atoms are all equivalent. They occupy
the tetrahedral sites so that though the tetrahedrons of one

Ui and three Uii atoms are deformed, the hydrogen atom
is at the point vrhich is equidistant to all these uranium

atoms,

H: +(O, u, +2u), +( —,', —,+2u, —,+u)

NM~ spe«rum of protons in ferromagnetic p-UH,
measured by sweeping Ho at vo ——47 MHz and T=85 K. The
narrow peak at Ho ——11.04 kOe is due to protons in silicone
grease.

usga for calibration of the external field.
The frequency dependence of the central field of the

spectrum is given in Fig. 4. It shows a linear behavior for
fields large enough to saturate all the particles in the

pomander, Ho~4aM, a&here M is the magnetization per
cm. The slope of the line corresponds to
y,„z,/2m=4. 28+0.05 kHz/Oe, and taking into account
the measured linewidth (Fig. 3), it is in good agreement
with the value of the proton gyromagnetic ratio
y/2m =4.258 kHz/Oe.

III. NMR SPECTRA

A. Zero-field spectrum

cyclic with u =—„.The lattice constant is ao ——6.631 A.
With the magnetization of the uranium atoms, the hy-

drogen sites become inequivalent, even in the simple fer-
romagnetic (or paramagnetic) phase. This is due to the lo-

cal dipolar field Hd which differs from site to site, giving
rise to line splitting or line broadening, as was observed.
In what follows we will treat this point in more detail.

The NMR frequency of a hydrogen nucleus in fer-
romagnetic P-UHs is given by

v=
~
H;„,+H~+H, +HD+H,

~

2m'

where the dipolar field due to the local uranium 5f elec-

trons ls g1ven here by j.ts three parts: Hd 1s the local dlpo-

lar field in a Lorentz sphere, H~ ——4n.M/3 is the Lorentz

field, and H~= DM is t—he demagnetization field. For
zero external field the sample has ferromagnetic domains

so that Hz ——0 and Eq. (1) becomes

P-UH& is a well-defined stoichiometric compound. Its
crystallographic structure, as was studied by Rundle, ' is

v=
~
H;„,+Hz+H~

~2m'
(2)

Hd is found for each hydrogen site i by a lattice sum over
all the uranium magnetic moments pj' in a sufficiently

large sphere around this site,

3~v(&i'rv)
5

f'gj'

8 lo
Ho (roe )

FIG. 4. Dependence of the 00 of the center of the lines on vo.
The slope of the line gives pcxpt/2' 4 28+0 05 kHX/De.

Herc r,j is t11C displacement vector from the hydrogen j to
pz. H;„& =nfH/f and is parallel to M. The value of H~gf

could be approximated by the value of Hgq. Measure-
ments of NMR of Al in GdA12 and DyA12 have shown
that the transferred hyperfine-fieM constants in the fer-
romagnetic and paramagnetic states are equal. '5 We thus
assume that such an equality holds also for P-UHs and
that (in units of kQc/p~)

H(f =H(g=2. 2+0.16.
As was found from neutron diffraction, Ui and Uil have
'tllc sarllc Iiiagllctizatloii, alld

i
p,

i
=Plfpg fol'all J. )if ls

thus left as a parameter to be determined from the experi-
mental results. nf depends on the temperature and on



vo —— (H;„,+HL, )= (2.2+0.16+1 06)n. f(TO) .
2~ '"'

2%

From vo ——19.4+0.5 MHz (Fig. 2) we obtain nf(85
K)=(1.4+0.1)pII. Taking into account the results of the
magnetization measurements which give for T =85 K
and Ho ——0, M =0.95MO, where Mo is the spontaneous
magnetization at 0 K, we obtain nf ——(1.46+0.1)@II.

In a simple ferromagnetic or paramagnet all the mag-
netic moments are aligned in the direction of the easy axis
or the external fidd. This direction is denoted by a unit

vector n. H~ is then given by
—+ ~

Hd =nfo) n (4)

where D; is a traceless tensor. For the four hydrogen sites

with x =0 (in the unit cell) D; is given by

0 0

0 Dyy +Dyg e

0 +Dyg D~

Two of these sites are with the (+ ) sign and two with
the ( —) sign. Lattice sums with a sufficiently large
Lorentz-sphere radius (R ~10ao) for convergence yield
D = —567 Oe (for lpII for pJ), D~~ =167 Oe, D =400
Oe, and D~, =400 Oe. The six permutations of coordi-

nates of D; will yield the dipolar tensor for all 24 hydro-
gen sites in the unit ceil. This symmetry of the lattice and
the relation,

D~+Dyy+D =0,
causes the average of D over all 24 hydrogen sites to be
the null tensor for any n. The lattice sums here are in
agreement with those of Grunzweig-Genossar et al.
They calculated the sums for hydrogen sites which are not
exactly at the centers of the uranium tetrahedrons
(u = —,', ), but rather at sites with u =0.155. This accounts
for the small difference between their results and ours.

DiagoilalizatloII of D; gives tllc folio wiIlg cigcIiv allies:
567nf Ge, A,2 ———133nf Oe, and A.3

——700nf Oe.
The principal axes are found by rotation of the coordinate
system at an angle of +37 or —37' in the yz plane.

The easy axis of ferromagnetic p-UHI is not known. It
is thus interesting to find what kind of spectrum is expect-
ed for magnetization in one of the main [100], [110],or
[111] crystallographic directions. The calculations were
done using Eqs. (2) and (4) for 1ILIII per uranium atom.
The results are given in Fig. 5 in the form of stick dia-
grams. It shows the frequencies of the groups of
equivalent protons for each direction with their relative
weights, which are summed up to 24, the number of pro-

Ho. The magnetization is given by (in units of
emu/cm )

M =SPIInf(T, Ho) jao 2——54nf(T, HO) .
For the cubic symmetry of the p-UHS lattice the average
of H~ over all protons is zero (see also next paragraph)
and the average resonance frequency vo is given by (in
units of MHz)

tons in the unit cell.
The experimental spectrum in Fig. 2 shows only a small

structure and it is difficult to compare it with any of the
stick diagrams of Fig. 5. Thus it would be difficult to
derive the easy axis of the magnetization from the spec-
trum. It is also evident that there is a large broadening of
the lines which probably masks a spectrum due to thc
easy-axis direction of magnetization or a distribution in
the directions of m.agnetization in the sample.

In the usual cases, NMR in ferromagnets benefits from
high enhancement of the external rf field, and of the sig-
nal, due to high hyperfine fields. Also, in many cases the
enhancement in the domain walls is larger than in the
domains, and tllc NMR slgIlals coIIic IIiaiIily fi'oIII thc
walls which have a distribution of the directions of mag-
netization. This case is not apphcable here due to the
small hyperfine field on the protons. Thus almost no
enhancement is expected, either in the walls or the
domains. It is concluded that the signal comes from the
whole sample, that is, both domain and walls.

The cause of the broadening of the spectrum is not
clear. It might result from imperfections in the local crys-
tal structure. The transferred hyperfine field is very sensi-
tive to displacements, changes in local density of electron-
ic states, and changes in Inagnetization. A small amount
of oxygen impurities, as well as strain fields or magneto-
striction, could cause such changes. The second moment
of the experimental line was calculated by numerical in-
tegration, and it is given b~ the square of half of the
linewidth at half-intensity M2 ——5.0X 10 Oe .

B. Spectrum arith external magnetic Geld

When the powder of the ferromagnetic sample is put in
an external magnetic field sufficiently large (Ho ~4m.M)
to eliminate all domain walls and to overcome the coercive
force (Ho &H, ), all spins in the sample are aligned paral-
lel to Ho, 1.c., In a random orientation with rcspcct to thc

n II (III ]

(b)
0 IlI:lloj

(c)
n II ( 1003

l2 I4 l6 le
uI (MHz/p. a)

FIG. 5. Stick diagrams of the NMR spectra at Ho ——0 calcu-
lated for three possible directions of the easy axis. The frequen-
cies are calculated for Elf = 1pg pel ufan1QIH 1on.
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crystallographic axes. For p-UH1 with H, =4 kOC at 85
K (Ref. 6) and 4~M &4.5 kOC (for nf & 1.4 from Table I)
this alignment will take place if Ho&4. 5 kOC. Further
increase in Ho above this value will change the frequency
directly by yH&/2Ir, as shown in Fig. 4. The small in-
crease of M with Ho above 7 kOe (Ref. 6) might be the
reason for the experimental y,„~, to be slightly larger than
the y of protons.

The case of NMR in ferromagnetic particles magnet-
1zcd by Ho 1s very s1ID11aI' to that 1n Q1agnct1zcd paraIIlag-
netic powder especially close to Sc and with high Ho. It
is thus interesting to compare the line shapes in both
phases. We have calculated the absorption line of P-UH&
at 202 K and Ho ——3.74 kOC by integrating the derivative
spectrum shown in Fig. 6 of Ref. 4. This calculated line is
given in Fig. 6. Its linewidth at half-intensity is ~I'=38
+3% Oe. This line was compared with the absorption
spectrum measured at 85 K and vo ——60.9 MHz. Good
agreement in shape was found, indicating that the
broadening comes from the same mechanism. It is to be
noted that for both spectra motional narrowing is neglect-
ed, ' and the dipolar proton-proton interaction has a
small second moment M2 ——23.0 Oe, which hardly
changes the spectrum. AH& is scaled to M =XHo as is

I

the width in the ferromagnetic phase, ~f=2.83(+3%)
kOC to Mf. Taking y= 1.4X 10 1 (+8%) emu/cms as an
average value of the published results, ' ' ' we find (in
units of emu/cm )

Mf =XHO ~f/ddt=390 (+10%) .

Taking into account that Mf=1.06MO (at T =85 & and
Hu=12 kOC) and, with the spontaneous magnetization,
Mo 25——4nf Oe, we find nf 1——.45 (+10%), whjch is jn
good agreement with the zero-external-field results.

Thc shRpc of tllc NMR line is not symmetric. Thjs js
due to a distribution in the effective fields on the protons.
In addit1on to the distribution 1n H;„„wh1ch was d1s-
cussed for the line measured at Ho 0, the——re is the distri-
bution in H~ that for this case is different than for Hc =0.
To these two is added. the distribution in H~, which is due
to the distribution in particle shapes. The line shape due
to thc distribution 1n Hd was studied by BlocIDbergcn and
Rowland, ' and Kroon. ' The tensor D; in Eq. (4) is diag-
onalized with A, i &kz&ks. In terms of the parameters
6;J—:A,;—AJ and Q, =b,sl/b, li, the distribution function is
glVCIl by

[(A,,—Hd)a„] '~'I(. [Q„(Hd —Ai)/(As —Hg)], Ai (Hd &&I

fg(H~)= [(H, —ZI)a„]-'"KI(z,—Hd)/[(H„—A, , )Q„]I, A,,&Hd &X,
0, Hg(A, I, Hd)ks

n/1
I(."(m)=

(1—I sin u)'~

A line is symmetric if Q, = 1. For our values of A,; found

l-)o' (llOe)

5,75

in Sec. IIIA, Q„=1.92. Figure 7 shows the resulting line
shape as a function of Hc (rather than Hd) calculated us-
lllg Eqs. (1) RIld (6). Tllc asymmetry of t11c shRpc ls oppo-
site to that of the experimental line (Fig. 6). Only Q„& 1
would give an asymmetry in the appropriate direction.
Owing to the large overlap of the 5f electrons of the first
uranium neighbor and the hydrogen site, the dipoles of
these first neighbors might not be considered fully local
for dlpolR1' field calclllatiolls. Tllc slllYl ovcl' all tllc lllaill-
11111 ious cxccpt tllc first neighbors gives Q =0.004. Tlius
if the contribution of the first neighbors is much smaller
than nfps, then Q, &1.

The second moment of the distribution in Hd is given
4

7 8 9 IO l l l2 )5 !4 l5 l6 l7

Ho (kOe )

FIG. 6. Comparison between the shapes of NMR spectra of
protons measured in ferromagnetic p-UHl (solid curve) and in
paramagnetic P-UH3 (dashed curve). The spectrum in the fer-
romagnetic phase was measured at T=85 K and vo ——60.9
MHz; external field is given by the loner scale (Ho). The spec-
tru1Ti 1n the paraH1agnet1c phase &as obtained by numef1cal 1n-

tegration of the derivative curve measured by Grunzweig-
Genossar et al. (Ref. 4) at 202 K and 16 MHz; external field is
given by the Upper scale (Ho ).

I

I

H-gp

I
II

ff
l~

I tI

I

I

I

I I

H H-Xp H-XI

Ho
FIG. 7. Line shape due to distribution of Hd as calculated

fmm Eqs. (1) and (6) (II =2mvly —
l H;„,+HI, +Hd

l
).
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M2 ———,', (A, i+Az+A3) .

For Mf=390 emu, the lattice sums give A, i ———870 Oe,
A,2

———205 Oe, A,3
——1075 Oe, and M2 ——2.61&(10~ Oe .

The second moment of the experimental line (Fig. 6) is (in
units of Oez)

M,'"~"=(aHf/2)'=2 0&& 10',

which shows that Hd is too small to account for the
linewidth. A smaller contribution of the first uranium
neighbors will make Mz even less important. Thus the
distribution in Hd could not be responsible for the mea-
sured line shape.

The demagnetization fields, when originated from
shapes of particles randomly distributed around a sphere,
give rise to a Gaussian line shape' centered at
Ho 4nM——/—3 with a linewidth of 4~M/3, so that (in
units of Oe )

2~Mf l05
3

The experimental line shape with a tail towards higher
fields shows that the particles have, on the average, a con-
tracted form. We take a spheroid of revolution with cer-
tain dimensions as the average form of the particles. The
demagnetization fields of such a spheroid are given by

Hn = — —2aM'(3 cos 8—1),4aM 2

3

where ——,
'

&g & —,
'

shows the derivation from a sphere.

tl &0 for a contracted spheroid and tI & 0 for an extracted
spheroid. Equation (9) yields a distribution of the effec-
tive field which is similar to that in a powder sample due
to an axial anisotropy field. The second moment of this
distribution is given by

Mp ———,
' (4~Mt))

From M2"""——M2+Mi+M2 +M), we find M$ =5.7
)&10 Oe . This gives t) =+0.34, which corresponds to a
ratio of 0.29 between the polar and azimuthal axes.~

C. Spectrum calculated for Agyei's model

The structure proposed by Agyei' for ferromagnetic P-
UH3 at Ho ——0 is given in Fig. 8. %'e have calculated the

NMR spectrum for this structure. We assume that Hhf
comes from interactions with the four first neighbors
only. For the hyperfine interaction

Ahf= QAJI JJ,
j—1

we assume that all four hyperfine constants A~ are equal,
and thus the hyperfine field arising from each neighbor is
a quarter of the total hyperfine field, namely Hhf/4
Denoting the direction vector of Jz by nj the internal
field on the proton is given by

Hint g Hhfn f g nj (11)
j=1

Following Eq. (2) we calculate v by adding Hd, calculated
for Agyet's model, and HL, , calculated for ,' nfpz —foreach
uranium. For —,

'
nf we take the smaller measured value of

nf from Table I (that of Henry ), ,'nf ——0.—6. The calcu-
lated spectrum is given in the form of a stick diagram in
Fig. 9(a). It is evident that there is no agreement between
this spectrum and the experimental results (Fig. 2). Even
if line broadening eliminates the structure of the spectrum
and nf is changed, the spectrum is still much larger than
the experimental line. In order to verify the experimental
spectrum we have looked for NMR absorption up to 42
MHz, but could not find additional lines similar to those
of Fig. 2.

The alternative structure proposed by Agyei is derived
from that of Fig. 8 by reversin~ the directions of moments
localized at the ( —,',0, —,

'
) and ( —,, —,', —, ) sites. The calculat-

ed spectrum for this structure is given by Fig. 9(b). It is
clear that tbis magnetic structure is also not in accord
with tbe experimental results.

The t:ransverse relaxation for Ho ——0 was measured at
two temperatures, T =4.2 and 85 K. The relaxation was
found to be exponential with relaxation times T2 ——90+5
@sec (4.2 K) and T2 ——40+5 psec (85 K). Tz becomes
longer when an external field is applied, as shown in Fig.
10.

QP

Cf
CO

2

FIG. 8. Structure of magnetically «d««P-UH3 t»«c
external magnetic field, as presented by A. K. Agyei (Ref. 10).
The structure obtained by reversing the directions of moments

localized at the ( 2,0, 4 ) and ( 2, 2, 2 ) sites is also admissible

(Ref. 1O).

l5 25 30 55 40 45
P(MHz)

FIG. 9. Stick diagram of NMR spectra calculated; {a)for the
magnetic structure of Fig. 8, and (b) for the magnetic structure
which is obtained from Fig. 8 by reversing the directions of the
moments at the ( 2,0, 4 ) and ( 2, 2, 2 ) sites.I 3 1 1 1 ~
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80—

60—

Al

20—

protons per unit cell. For n
l i[110] the four groups of

protons with different energies are divided by the angular
dilution into twelve t.wo-proton groups of equivalent sites
(as in the case of a general direction of n). For nl i[111]
there are two groups of protons with different energies di-
vided into twelve groups of equivalent sites.

For each group of equivalent protons Tz was calculated
separately by

Mz ——
« I(I+ 1)y A g (3 cos 8,

&
—1)r,J, (14)

FIG. 10. Transverse relaxation time T2 at 85 K and different
external magnetic fields.

An interaction which was previously found to give rise
to field-dependent transverse relaxation' is the Suhl-
Nakamura (SN) interaction. However, it goes through the
hyperfine interaction, which is weak in P-UH3 Thus the
influence of the SN interaction in P-UH3 is expected to be
small. Thc sccoIld moment fol SN interaction ls given
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I(I+1) tPt
3/2 1/2

ex an
(12)

where co„=2m vp, Ace,„-k~ T„and fm,„=2ps X (H,„
+ Hp), where H,„is the anisotropy field. For Hp 0, co,„——
was found from Ace,„=E,where the anisotropy constant
%=8&10 ' erg. The relaxation time was estimated by
Tz ——(Mz )

'~ =14 msec for the zero-external-field ex-
periment.

The second moment of the hydrogen nuclear-
dipolc —nuclcax'-dipole lntcI'action ls glvcn by

Mz ——
5 y A I(I+1)grj

j
where r,J is the distance between hydmgen i and hydrogen
j. T»s gives Tz ——(Mz) ' =8 @sec. The longer and ex-
ponential relaxation obtained experimentally indicates a
mechanism of narrowing due to microscopic inhomogene-
ous broadening. ' As discussed above, the dipolar fields

of the different sites in the unit cell, Hd of Eq. (3), are
different from site to site, both in value and in direction.
The interaction between neighboring spins with different
energies is less effective duc to energy conservation.
This "dilution" is further enhanced by the need for angu-
lar momentum conservation which strongly decreases the
efficiency of the interaction between noncollinear spins.
Only terms with operators such as I;+IJ' might give rise to
mutual spin flips of such spins. This effect of "energy di-
lution" and "angular dilution" divides the nuclear spins
into 12 groups, each group with two protons per unit ce11.

The protons in each group are equivalent, i.c., H', ff—Huff
for each two protons i and jwithin the group. For a gen-
eral direction of n the 12 groups are all inequivalent and
the spin-spin interaction is effective only between protons
of the same group. For nil[100] the protons might have
one out of three energies, as shown in Fig. 5. The angulaI
dilution, however, further divides them into one group
with eight protons per unit cell and eight gI'oups with two

2-
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t (p.sec)

FIG. 11. Transverse relaxation of the spin echo of protons in
ferromagnetic P-UH3 measured at T =4.2 K. The solid line is
calculated using Eq. (15).

Ioo

where 0;~ is the angle between r;1 and n. For nl i[100] we
found, for Tz ——(Mz) ', the following values:
Tz(1)=11 @sec, Tz(2)=59 @sec, and Tz(3)=95 @sec,
corresponding to the three groups of protons with dif-
ferent energies, each group with the weight A;=8 for
i =1,2,3 (see Fig. 5). In the case of n

l
i[110]we obtained

Tz(i)=148, 47, 106, and 29 @sec, corresponding to the
four energies with the weights 2;=8,4,8,4. For n

l i[111],
Tz(1)=55 @sec and Tz(2) =55 psec, and A; =12 for i =1
and 2.

The ratio of the fourth moment (also calculated) and
the square of the second moment for each group was close
to 3, which means that the transverse relaxation of each
group is Gaussian. Owing to the line broadening the
NMR signal comes from some (or all) of the groups, and
the decay is given by

PPf

F(t)= g A;exp
2[Tz(&)]'

where m is the number of groups of protons with different
energies. F(t) was calculated for the three directions of n
and compared with the experimental relaxation at T =4.2
K and Ho 0 Good——ag.reement was found with F(t) of
n

I I[110] as shown in Fig. 11. This good agreement indi-
cates that the mechanism discussed above might explain
the transverse relaxation. This model, however, is too
crude for determining the direction of the easy axis.



The weak dependence of T2 upon temperature, chang-
ing from Tz ——90 @sec at 4.2 K to 40 @sec at 8S K, is dif-
ficult to explain. It is possible that interactions through
the conduction electrons, such as RKKY, become effec-
tive as the temperature rises, due to the excitation of elec-
trons with energies close to the Fermi level. T2 becomes
longer when an external field is applied (Fig. 10). This in-
dicates that the external field dilutes the equivalent pro-
tons. The magnetostriction might be the mechanism by
which the crystal is deformed and equivalent protons be-
come inequivalent.

V. DISCUSSION

The NMR results yield a value of nf ——1.45+0. ip~ per
uranium atom in P-UH3 at 0 K. This value is in good
agreement with the neutron-diffraction results given in
Table I, where the value nf 1.38@—~—was found. Neu-
tron diffraction, as well as NMR, measures the micro-
scopic properties of the substance. The other results in
Table I were found by macroscopic measurements of the
magnetization while applying an external magnetic field.
In such measurements the external field first overcomes
the coercive force and eliminates the domain walls. Then
it has to overcome the crystal field in order to rotate the
spins in the domains to the direction of the external field.
It is very complicated to extract the magnetization at
Ho ——0 from these measurements in powder samples, when
the crystal-field parameters are not known and the nature
of magnetization (local or itinerant) is not well under-
stood.

When we were looking for the NMR signal in fer-
romagnetic P-UH3, we calculated the frequency by assum-
ing that the hyperfine-field constant in the ferromagnetic
state H(r is equal to that in the paramagnetic state Hf~.
The good agreement of the value of nf found by NMR
with that found by neutron diffraction justifies this as-
sumption. The equality H(~=Hf~ is very interesting by
itself. Similar results were found for entirely different
cases: ' Co in cobalt and 'Ni in nickel, both 3d fer-
roxnagnct1c metals, Rnd Al 1Q DyA12 RQd GdA12 with
localized 4f electrons. ' The hyperfine constants hardly
changed in these metals in a large range of temperatures
including the ferromagnetic to paramagnetic phase transi-
tion, which is expected to be accompanied by changes in
flic baild structure aild thus iiiflucnccs tlic llypcrfiilc
fields. The case of P-UH3 is exceptional due to the hydro-
gen atoms involved. First, the contribution of the elec-
trons of these hydrogens to the metallic state is not clear,

and second, there is no core polarization and the protons
are directly exposed to the influence of the conduction
electrons.

The interactions giving rise to the exchange and hyper-
fine couplings in P-UH& were discussed by Grunzweig-
Genossar et al. , who analyzed the role that the RKKY
interaction plays in determining the magnetic properties
of this material. However, the lack of sufficient data,
such as the exact band structure and the crystal-field pa-
rameters, prevents a detailed analysis of the experimental
results.

VI. SUMMARY

The observation of the NMR of protons in the fer-
romagnetic phase of P-UH3 enables us to study the mag-
netic properties of this interesting material. The basic pa-
rameter, thc magnetization pcr uranlu1Tl ion, was studlcd
by comparing the spectrum in the ferromagnetic state
with previous NMR studies in the paramagnetic state.
The magnetization, found from the resonance frequency
as well as from the linewidth, is 1.45 (+10%) Bohr mag-
neton per uranium, in good agreement with neutron-
diffraction results.

The asymmetry of the line shape, measured at T =85 K
by sweeping the external magnetic field, was the same for
that measured in paramagnetic P-UH3 at T =202 K.
This shows that the main origin of the inhomogeneous
broadening of the spectrum is the same in both cases. The
broadening was shown to come from the distribution of
the demagnetization fields due to the distribution of the
powder-particle forms around the contracted ellipsoid
form.

The classical dipolar field arising from the local mag-
netic moments of uranium atoms is different for different
proton sites. This gives rise to the energy and angular di-
lutions of the proton spins. Second moments of the
dipole-dipole internuclear interaction, calculated including
like spina only, could explain the measured values of
transverse relaxation time Tq. %c could only give a quali-
tative explanation of the behavior of Ti as a function of
the temperature and external magnetic field.
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