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The nuclear magnetic resonances of E ' ' d

tais of europium iron garnet with exte l
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ents and anisotropic hyperfine fields d'
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FIG. 1. (a) Corrected ((see text) spin-echo spectrum
of Eu at 4.2'K for Hp along the (110) direction;
(b) spectrum for Hp along the (100) direction.
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FIG. 2. {a) Spectrum of Eu ~ at 4.2'K f
the (110) direction

for Hp along
&rection; (b) spectrum for Hp along the (100)

direction.

978



VOLUME 24, NUMBER 18 PHYSICAL REVIEW LETTERS 4 Mwv 1970

quency have been divided by a factor of v' (v be-
ing the frequency) in order to take into account
the frequency dependence of the signal amplitude.
The spectra have also been corrected for the dif-
ferences in the relaxation times, T„of the vari-
ous lines.

The hyperfine fields at the Eu" ions for each
of the six magnetically inequivalent rare-earth
sites can be written as

~H fg~ =(H» n 2+Hy2ny2+H n )

Here H~, H&, and H are the principal values of
ff along the orthorhombic axes of the rare-

earth sites and n~, n&, and nz are the direction
cosines of the magnetization M with respect to
these local axes. We take the ~ axis to lie along
a cubic (100) direction and x and y as the axes
which lie along (110) directions.

For M along the (100) direction, we expect two
lines corresponding to direction cosines (0, 0, 1)
and (1/W2, 1/W2, 0) with relative site populations
of 2:4, while for M along the (110) direction we

expect three lines with direction cosines (1, 0, 0),
(0, 1, 0), and (—,', 2, 1/W2) with relative site popula-
tions of 1:1:4. Referring to the Eu"' data, and
taking vz =400 MHz, ~~=680 MHz, and v& ——740
MHz, we also expect from Eq. (1) lines at 710
MHz (for the (100) orientation) and at 576 MHz

(for the (110)orientation) in agreement with the
observed lines. The line at 576 MHz was ob-
served to require a somewhat higher rf pulse
level than did the lines at 680 and 470 MHz and
we were unable to optimize the echo signal. This
is probably the reason the intensity of this line
is less than expected.

From the Eu"' frequencies we can obtain ~H~~

=649 kG, (ff&( =706 kG, and (H ) =382 kG. Us-
ing these values in Eq. (1), we can calculate val-
ues of 617 and 573 ko for the hyperfine fields at
the two types of sites arising when M is along a
(111)direction. These values are in good agree-
ment with the Mossbauer values' of 629+ 10 and
571+10kG. (We have neglected the effects of the
external field H, which represents only about 8
MHz in the Eu"' frequency. )

Our values of H~, H&, and Hz are considerably
different from the values obtained by Atzmony
and co-workers from Mossbauer studies of Eu"'
in the mixed europium- samarium iron garnets.
They obtained (assuming M to be approximately
along a (110) direction) typical values for H, B&,
and B of 490, 472, and 766 ko, respectively.

Consider now the quadrupole splittings. The
electric field gradients at the Eu nuclei have

been discussed in Ref. 3. Defining a parameter
v =e'qQ/h, the values of v' along the principal
axes can be written

(2)

with similar equations for x and y. Here the
first term is the part of v' which arises from the
polarization of the 4f orbitals by the exchange
field (which is axial with respect to the direction
of M), while the second term is the part of v'

due to the crystal lattice. Assuming that to a
first approximation the exchange fields H „are
proportional to H, ff, we can use the experimen-
tal values of v ', etc. , to evaluate o. and the pa-
rameters v".

Consider the Eu"' splittings of Fig. 2. From
the splitting of the line centered at 176 MHz we
obtain

~
v~~'~ = 186 MHz, while from the splittings

of the lines centered at 300 and 330 MHz (which
partially overlap) we obtain ~

v '~ =100 MHz and

~ v~'~ =87 MHz. Bauminger, Nowik, and Ofer'
have, from Eu"' Mossbauer studies, obtained
values of v' for the two types of (111) sites of
-57 and +38 MHz, where the negative value cor-
responds to the site with the higher hyperfine
field. The signs of the parameters v' must be
chosen so as to give agreement with the Moss-
bauer values and a reasonable value for the pa-
rameter n. Taking v ', v~', and v» ' to be
+100, -87, and -186 MHz, respectively, and
using Eq. (2) and the relation

t'zz +~xr +&yy

we obtain for v~", v~", v "values of +168,
-6, and -162 MHz, while for + we obtain a val-
ue of -54 MHz. From these parameters the
quadrupole fields for a general direction of H, f f
can be calculated [see, for example, Eq. (4) of
Ref. 3]. For the two types of (ill) sites we ob-
tain values of v' of -87 and +65 MHz which are
in fairly good agreement with the Mossbauer val-
ues.

The exchange polarization contribution to v'

has been calculated theoretically" and corre-
sponds to a value of n of about -87 MHz which is
in reasonably good agreement with our experi-
mental value. ' Our values of v" along the princi-
pal axes, however, are quite different from the
values obtained in Ref. 3, since the values ob-
tained there depended on the assumption that the
hyperfine fields and exchange fields in EuIG and
the europium-samarium iron garnets were the
same.

The field gradients v ", etc. , are a sum of two
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terms: (1) A contribution arising from the pol-
arization of the 4f orbitals by the crystal fields
which can be written"

(v, "),= (16/15) S (r ')e'Q(1-A) /E, h, , (3)

where & is the energy of the z singlet of the J
= 1 level relative to the center of gravity of the
level, and &, is the energy of the J=2 level. "
The quantity R is a shielding correction. (2) A

contribution arising from the lattice charges
which can be written'

(~ ").= -10& 0(1-r-)/(1-&,)(&'&, (4)

where y and v, are shielding factors.
Taking for the shielding factor A a value" of

0.2, taking (1-y ) to be" about 70, using for ~,
a value" of 0.73, taking Q(Eu"") = 2.9 b, and

using for the other quantities values appropriate
to Eu ', we obtain from the two contributions

v~~" /&, =+3.2-8.6= -5.4 MHz/cm (5)

[H. [ H.„(s) ~, 51 ~,
lHI

=
H,„Z, 50 E, ' (6)

Here &, and E, are the energies of the J= 1 and
J= 2 levels. Similar equations apply for x and y.
We now define G, =H,„(&)/H,„, etc. Using the
experimental hyperfine-field parameters to eval-
uate (H~ ( /(H ~, and using the measured" energy
splittings, we can obtain the anisotropic exchange
parameters G~, etc. We find Gz':1 00 Gy
=1.20, and G =0.80.

Our values of G, etc. , can be compared with
the anisotropy of the exchange fields obtained
from optical studies by Wickersheim for YbIG."
He found principal values of (H,„/H,„) to be
about 1.12, 1.24, and 0.64, where the lowest val-

Using our values of vz ", etc. , in Eq. (5) and sim-
ilar equations for x andy, we obtain, finally, for

+y and &» values of —31, +1, and +30
cm ', respectively.

These values can be compared with values of
-34, -4, and +38 cm ' obtained from optical
studies by Koningstein. " Apart from the fact
that there is some ambiguity associated with
which of his levels go with which axes, "we see
that there is reasonably good agreement with our
values.

Finally we will discuss the values of the hyper-
fine-field parameters. The contributions of the
anisotropic exchange fields and of the crystal
fields to the hyperfine-field anisotropy can be
calculated by using the equations in Ref. 2. The
total hyperfine field anisotropy can be written

ue corresponds to the orthorhombic axis lying
along the crystal (100) direction. We see that
there is a considerable degree of correspondence
with our values.

The anisotropy of the exchange interactions
makes a contribution to the magnetic anisotropy
as ha.s been discussed by Wolf. " Since the (100)
direction is a hard direction of magnetization,
the low value of H,„ in this direction is in the
right direction to account for the anisotropy.
Using an equation such as Eq. (5) of Ref. 18, the
value of &, can be calculated in terms of the pa-
rameters G. Although the value of &, is quite
sensitive to the parameters G, they appear to
be of about the right magnitude to explain the ex-
perimental value of &„ taking into account the
other contributions" to the anisotropy.

In conclusion, the overall agreement of the
hyperfine parameters with theory and the results
of other studies appears to be reasonably good.
We plan, however, to make more extended stud-
ies particularly of the quadrupole splittings and
results of these studies will be published at a
later date.
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a narrow component consisting of a quadrupole
doublet with splitting ~ =0.8 mm/sec, similar
to the spectrum of crystalline hemin. This re-
sults from "Fe sites on which the electron spins
are relaxing rapidly. The second part of the
zero-field spectrum is a broad component which
clearly indicates the presence of a magnetic hy-
perfine interaction. Its diffuse appearance is
characteristic of the S =+-,' doublet of axially dis-
torted high-spin complexes and probably results
from the large number of hyperfine levels caused
by transfer of electron spin to neighboring atoms
and the resulting coupling of their nuclear spins
to the iron-electron system. ' The broad compo-
nent is, in fact, very similar to the zero-field
spectrum of acid methemoglobin, Fig. 1(b). This
suggests that spin transfer to the four porphyrin
nitrogens common to both is the dominant effect,
and that the ligands above and below the iron,
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FIG. 1. Spectra observed at 4.2 K in zero applied
field of (a) 10 M hemin dissolved in tetrahydrofuran,
and (b) 10 31' acid metaxnyoglobin, PH 6.

Mossbauer spectra of magnetically dilute hemin solutions have been observed. These
are found to be consistent with infrared measurements and with Mossbauer measure-
ments of crystalline hemin. This confirms Blume's interpretation of the Mossbauer
spectrum in terms of spin-spin relaxation.

The peculiar temperature dependence of the
Mossbauer spectrum of high-spin ferric hemin
(iron protoporphyrin IX chloride) was first re-
ported by Shulman and %ertheim. ' The spectrum
at 4.2 K was a symmetric doublet, but with in-
creasing temperature changed to a broad and
asymmetric single line. This has been interpret-
ed in terms of electron spin-spin relaxation
which is fast at low temperature and which slows
with increasing T because of the thermal excita-
tion of the system out of the fast-relaxing ground
doublet. ' Mbssbauer measurements at large H/T
have confirmed that there is no fortuitous cancel-
lation of the internal field in the ground doublet
and, in fact, that a contact field near the usual
value of 110 kG per unpaired electron is present. '
The only puzzling feature has been the failure of
attempts to reduce the relaxation rate by diluting
the spins. ' In this Letter we report a successful
attempt at spin dilution and confirm that hemin
is magnetically similar to high-spin heme pro-
teins, ' differing only in that crystalline hemin
has fast spin relaxation and frozen hemin solu-
tions have a range of relaxation rates, corre-
sponding to the various interspin distances which I0.0—

occur.
Hemin chloride was enriched in "Fe, diluted

to about 10 'M in tetrahydrofuran (THF), and ex-
amined by Mossbauer spectroscopy. The para-
magnetic spectra which were observed are shown
in Fig. 1(a) and Fig. 2.

The spectrum observed at 4.2 K in zero applied
field is seen to consist of two parts. The first is
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