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first order one may approximate the valence—
band electron density of states of amorphous
GeTe as a sum of those of amorphous Ge and of
amorphous Te is Such a model is based on the
structural similarity to amorphous GeTe con-
taining amorphous Ge-like and amorphous Te-
like bonds. It is found that the s levels of this
model are broader than those observed. " This
can be explained by the presence of Ge-Te bonds
in amorphous GeTe. Any tendencies to bring s
orbitals lying at different energies together tends
to weaken the resonant bonding, thereby making
the levels sharper.

However, the similarities in the XPS of the
amorphous and crystalline forms suggests that
also the density of states of the crystalline form
can serve as an adequate first approximation for
the density of states of the amorphous form. The
crystalline form is structurally unlike the amor-
phous form and application of such a model is not
by any means a priori obvious. Neverthless, we
can explain the broadening of the s levels in the
amorphous form by tendencies of like atoms to
be nearest neighbors.

We conclude that valence bands of amorphous
and crystalline GeTe are similar even though
their structures are significantly different. This
suggests that within the resolution of nonmono-
chromatized electron spectroscopy for chemical
analysis (-1.5 eV), the density of valence states
of a given compound is essentially unaffected by
changes in the Iong- and short-range order.

Useful discussions with H. von Heyszenau and
M. Thorpe are gratefully acknowledged. We
also thank Dr. E. Schonherr for preparing the
GeTe sputtering target, and Mr. G. Krutina for
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An intermediate state is shown. to exist between the antiferromagnetic and spin-flop
states of antiferromagnetic MnF2. This state consists of alternate thin-slab domains
of antiferromagnetic and spin-Qop material. Experimental evidence includes NMR,
Faraday rotation, optical-absorption spectroscopy, and photographs of the domain struc-
ture. A molecular field model is used to calculate the field width of the domain region
and the physical width of the domains. Reasonable numerical agreement is found.

In studying the F'9 N1VIR near the spin-flop (SF)
transition in antiferromagnetic MnF„evidence
was found for a new type of intermediate state

between the antiferromagnetic (AF) and SF states.
In a narrow region of magnetic field (~ 1 kG) near
SF, the NMR frequency is completely indepen-



VOLUME 30, NUMBER 14 PHYSICAL REVIEW LETTERS 2 APRiL 1973

dent of applied field. Since similar screening is
observed in the NMR in ferromagnets exhibiting
a domain structure, we postulate a new type of
domain structure, in which alternate thin slab-
like domains are either AF or SR. The SF tran-
sition, which would otherwise be first order,
proceeds gradually, with the wi.dth of the SF do-
mains growing at the expense of the AF as the
field is increased.

For further confirmation of the existence of
these domains, we have studied the optical spec-
troscopy of MnF~ in the region near SF. A par-
ticular sharp absorption line' is found to split in
the region of interest, indicating that AF and SF
states exist simultaneously. The Faraday rota-
tion (FR)' tn MnF„rather than abruptly changing
at SF, changes gradually in the domain region.

As the most convincing proof of the existence
of these domains, we have taken photographs
which clearly show the appearance of slablike
domains at a particular field. In the course of
this work we have learned of several papers on
this subject in which it was shown that magneti-
zation changes as a function of field near SF are
consistent with a domain model. Their observed
"jumps" of the magnetization were interpreted
as creation or annihilation of domain walls.

We have made a molecular-field-model cal-
culation which describes the extent of the domain
region, the screening of the local fields, the
fraction of SF and AF material, and also the do-
main width, all in satisfactory agreement with
the data.

The experiments were done in a superconduct-
ing solenoid at T =4.2 K. Field measurements
were made with magnetoresistance and NMR mag-
netometers. Since SF is extremely sensitive to
sample orientation, 4 all sample holders had tilt-
ing platforms on which samples were mounted
and could be aligned, in situ, to better than —,

'
de g.

(A) For the NMR experiments a roughly ellip-
soidal sample (3.2&&7.9&& 3.2 mm') was mounted
in a broad-band, untuned slow-wave structure
used with a broad-band NMR detector, which al-
lowed continuous monitoring of the NMR while
scanning the field. Figure 1 shows data on the
lov er branch of the F" NMR in the region near
SF. Below a critical value of the field, II, = 92.4

kG, the NMR frequency has the usual slope z
=4.005 kHz/Oe for F". However, as the field is
increased above H„the frequency abruptly be-
comes field independent, while the NMR intensity
decreases monotonically to zero over an interval
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FIG. l. Optical-absorption intensity of &=8560-A
(SF), 8565-A (AF) transitions, location of photographs,
and F'9 NMR frequency as a function of applied mag-
netic field in the domain region.

of several hundred gauss.
(B) The optical system uses a Xe lamp and a

monochromator where the output beam is focused
through a Dewar window onto the sample. A sam-
ple-holder-mounted lens collects transmitted
light and focuses an image of the sample on either
a photomultiplier or photographic film for spec-
troscopy or photography. For the optical exper-
iments this sample was a flat disk, 0.200 in. deep
~ 0.050 in. thick, with the c axis perpendicular to
the fj.at faces.

(C) With the sample inserted between polarizing
filters with a relative angle of 45', we can detect
variation in the FR through intensity changes.
With well-aligned samples, a field scan in the
vicinity of II, shows three distinct FR regions.
In the AF and SF regions the FR has nearly the
same linear field dependence, while in the do-
main region it has opposite slope, with sharp
breaks in slope at the end points of the regions.
With samples less well aligned, the intermedi-
ate region widens, the sharp breaks at the end
points become rounded, and the slope decreases.

This latter fact is used to advantage to align
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FIG. 2. Optical absorption in the region around 8560
0
A as a function of field in the domain region. The
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line and other structure to SF,
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our samples, in. situ. A modulation field is ap-
plied, the sample orientation is adjusted for max-
imum ac photomultiplier output, which corre-
sponds to optimum alignment. This technique
consistently yields alignment to better than —,

'

deg.
(D) The largest changes in the optical-absorp-

tion spectrum near SF are shown by a group of
narrow lines around 3560 A, ' which shift by about

0
5 A. %e have studied these transitions as a func-
tion of field around SF. Figure 2 shows some of
our results The lin. e at 3565 A (AF) decreases
in intensity, while the line at 3560 A (SF) in-
cxeases in intensity as the field is increased
through the domain region. The simultaneous
presence of both AF and SF absorption lines
clearly suggests the existence of domains. As
shown in Fig. l, the proportion of AF (1 —f) and
SF material (f) can be determined by the relative
intensities.

(E) The change in optical absorption at SF has

FIG. 3. Photographs of domain structure. The sam-
0

pie was illuminated with light of A, =3560 A, corre-
sponding to the SF transition. SF regions appear dark;
AF regions, light. Slab orientation is not along any
major crystalline axis,

made it possible to photograph the domain struc-
ture directly. Using 3560-A light (SF absorption
line) the SF regions absorb considerably more
light than the AF ones. Consequently, the photo-
graphs in Fi.g. 3 show the SF domains darker
than the AF. As the field i.s increased through
the SF region, a few thin SF domains appear in
the previously AF sample, then grow in width at
the expense of the AF ones. Finally the AF do-
mains become very thin and begin to disappear,
leaving the sample completely SF.

The field locati. ons of the photographs are in-
dicated in Fig. l. The low-field end of the do-
main region agrees well with the spectroscopy
data, although the high-field photograph clearly



VOLUME 30, NUMBER 14 PHYSI CAI. REVIEW I.KTTERS 2 APRIL 1973

shows no domains at a field only 630 6 higher,
well within the domain region shown in the spec-
troscopy data. Possible reasons for this appar-
ent discrepancy will be discussed later.

The general appearance of the domain struc-
ture is of parallel slablike domains although the
waviness, branching, and free ends are not de-
scribed by our simple model. Domain walls ap-
pear to be pinned, probably because of sample
imperfections, since many walls remain in the
same position through most of the field range.
The observed average width of a domain, in the
center of the domain region, is d = 42 pm.

We have used a molecular field model char-
acterized by exchange and anisotropy fields H,
and H, and dernagnetizirg fields to calculate the
free energy of the AF, SF, and a domain state
consisting of slabs. This domain state is found

to be the lowest of these three in energy in a
small region around the usual SF field.

We write the magnetic energy of a single, slab
SF domain [N, (slab) = 0, where N, is the overall
sample demagnetizing factor] aligned parallel to
the macroscopic internal field H,

+$F Hm~m+ a '

is the macroscopic susceptibility [X = X~(0
=m/2), defined below]; F., =rg p~SH„ the aniso-
tropy energy, 2n being the number of spins per
unit volume. A fraction f of the sample is pre-
sumed to consist of narrow SF domains, uniform-
ly distributed, so that H is uniform throughout
the ellipsoidal sample. H is given by H =H, /
(1+fN,x ), yielding the energy of the domain
state,

&D = -H.'X.f/2(1+ft'. X.)+f&.

H, is the applied field. Minimizing ED(f) gives
fN, X~sF =H, -H, F, where we have ignored de-
magnetizing corrections to the SF field and used
HSF= (2H, H, -H,')'". When f=0, the first SF do-
main appears at Hp H $F independent of N, . When

f =1, the last AF domain disappears at H, =H (lsF

+N, x ), giving the extent of the domain region as
~D=HsrN, X . In very thin samples (N =4n), bH~
= 1.200 Oe. H is exactly screened over the do-
main region to the value H =H$F.

Within a domain wall, the vector L = M, —M

rotates through an angle 8 (0&9- m/2) from the
c axis. Using the susceptibility'

X~ = 2g pzS sin6/(2H, +H, cos20)

and the anisotropy energy

+a ~%~BS a sin 6

we calculate the energy of a thin slab with L ro-
tated uniformly through the angle 8. We find,
when H„=HS„(an.ywhere in the domain region),
that the values 8 =0 (AF) and 0 =m/2 (SF) yield
equal values of the energy. For intermediate
values of 6, we find exact cancelation of the sin'0
terms, leaving only the much smaller term

E,' =
& ng p&S(H, 2. /H, ) sin~29.

It is this anisotropy energy which stabilizes the
90" wall. It follows directly from the cos20 term
ln Xg.

Using E,', we follow standard calculations'
for a ferromagnetic domain structure, with apt
changes for SF domains. The specific wall en-
ergy ( depends on the balance of exchange ener-
gy and E,' in the wall. In a sample of thickness
l, when AF and SF domains have equal width 4
(f = 2), we find the magnetostatic energy E„=0.43

&& y 'H$F'd obtained from the formation of domains
to be 4 that of the ferromagnetic case of thin pla-
nar, 80' domains. Minimizing the sum of E
and the wall energy rl/d with respect to d yields
d =(gl/0. 43X 2H 2)'~'

Each prediction of the theory can be compared
with experimental results from one or more mea-
surements. The exact screening of H is well
verified by the NMR data of Fig. 1, within an ex-
perimental error of +2 G.

The predicted linear dependence of f on H can
be compared with the spectroscopy data of Fig. 1.
The curvature of the 3565-A data and the differ-
ent shapes of the two curves are not understood.

In the optical sample the field interval ~D(N,
= 2. 8n') =830 G, in excellent agreement with 850 G
from the spectroscopy (Fig. 1). The discrepancy
in the photography data (630 G) may be due to
hysteresis effects, not yet studied, but indicated
to some degree by the pinning of the domain walls.
However, the good agreement of H$F from all
three measurements (Fig. 1) indicates too small
an effect. Another possibility is the formation
of bubble domains too small to be resolved in the
photography, but seen in the spectroscopy.

Finally, we find adequate agreement between
our calculated domain width of 13 pm and exper-
imental result of 42 p,m.

Further work is in progress on this and other
samples to investigate hysteresis effects, sam-
ple misalignment effects, possible bubble do-
mains, and the effect of sample thickness on do-
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main width.
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By means of a finite-range distorted-wave Born-approximation program which exactly
includes recoiL, & spectroscopic factors are extracted from the ( Li, d) and (' 0, C) re-
actions on Ca, The production of ' C*(2 } is correctly predicted to be suppressed. The
results are consistent with the assumption of an G.-particle transfer as dominant in the
two reactions.

The nature of the ("0,"C) reaction is not well
understood'; in particular, the internal state of
the transferred four nucleons is not known al-
though the reaction is usually referred to as an
"a"-transfer reaction. In this paper the ('0, ' C)
and the direct component of the ('Li, d) reactions
are assumed to proceed via the one-step transfer
of an e particle, an assumption which seems fair-
ly well established for the Li-induced reactions. '
Two questions are answered: (a) Is the ("0,"C)
reaction quantitatively consistent with the ('Li, d)
reactions (b) Why is the ("0,"C*) reaction not
observed on medium-mass targets'&

Recent measurements of the ('Li, d) reaction on
"Ca' and "Ni' allow comparison with the spectra
seen in the (' 0, '2C) '6 reaction on the same tar-
gets. There appears to be an overall correlation
betw'een the strong levels produced in the two

reactions. In this paper, finite-range distorted-
wave Born-approximation (DWBA) calculations
for the ('Li, d) and ("0,"C) reactions on "Ca are
compared~ this target being chosen because an-
gular distributions exist for both reactions. It
should be noted that zero-range D%BA calcula-
tions were made for the (6Li, d) reactions, which
reproduced the shapes of the angular distr ibu-
tions, but no absolute spectroscopic factors co~ld
be obtained. The ("0,"C) reaction is not ex-
pected to be meaningfully treated with the zero-
range or more sophisticated approximations un-
less they include recoil effects. v In this paper a
D%'BA formalism is used which exactly includes
recoil effects.

For a stripping reaction A (a, b)B, where a = b

+x and B=8+x, a transition amplitude may be
written8

T s."8,"'J d't. d'r, )(.„"(~=.)&4, (~.„„)l&„,(~„,)l+.(~„,))y„''(~, )-

In this expression y is a distorted wave and the
bracketed term is a form factor containing a fi-
nal bound state 4 ~ and the potential V,„used to
generate the bound state 4~.
The equationg

2N+ I.=Q (2n;+ l;)
4=1

(2)

determines the number of nodes N and the I. val-

1 ue from the shell model n,. and l,. of each partic1e.
The four nucleons are assumed to be in an in-
ternal Os state with the known n binding energy.
Table I lists the assumed shell-model configura-
tions and resulting N and I. values. Multi-par-
ticle-hole configurations in the "0(g.s. ) are ig-
nored, a procedure which is justified from analy-
sis of the reactions C( Ll, d) 0 and 0(d,




