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The antiferromagnetic energy gap and optical properties of single crystals of Cr and of Cr alloyed with
0.45, 0.94, 2.5, and 4.5% Mn and with 1.05 and 2.0% Re have been investigated by measuring the optical
absorption over a photon energy range of 0.08—5 eV. The data were taken at 4.2 K by a calori-
metric technique. It is found that at 4.2 K, approximately 1 jz Mn or Re will cause commensurate anti-
ferromagnetic ordering, and the energy gap shifts abruptly from 0.13 to 0.36 eV near this concentration
of diluent. Evidence is given for indirect transitions occurring across a double energy gap in the noncom-
mensurate samples, and the results are explained in terms of a band model. The widths of the absorption
peak and the peak in e2 in the commensurate samples are discussed in terms of a gap anisotropy and im-
purity broadening. Optical absorption peaks near 1, 2, and 3.4 eV are associated with direct interband
transitions originating from the E1, I"&„,and P4 symmetry points, with a contribution to the1-eV absorption
from transitions from the Fermi surface to the flat unoccupied band extending through X4, F12, P3, and
825'.

INTRODUCTION

Chromium exhibits an interesting type of mag-
netic ordering which has been studied by a variety
of techniques. ' Anomalies appear in the transport prop-
erties as one passes through the Neel temperature''
(Ter=312 K). A number of other physical properties
change upon magnetic ordering. Neutron diffraction
measurements have shown that the ordering is indeed
antiferromagnetic' and that it does not have exactly
twice the lattice periodicity that one would expect for
a simple antiferromagnetic array of magnetic moments
on lattice sites. ' Below T~ the magnetization can be
described by

M(r) =Ms cosQ r,

where Q= (2e./a) (1—5, 0, 0). This differs from half
the smallest [100] reciprocal-lattice vector 6= (2e/a)
)&(2, 0, 0) because of the small temperature-dependent
term 5. 6 varies from 0.05 at 4.2 K. to 0.035 at TN. ' '
Above 123 K, Ms is perpendicular to Q, while below
123 K, Ms is parallel to Q."The unusual periodicity of

M(r), the fact that M can be parallel or perpendicular
to Q, and the fact that

~
Ms~ corresponds to about 0.40

p~ per Cr atom have led to the conclusion that spin-
density waves (SDW) exist in Cr.' Thus chromium is
an itinerant electron antiferromagnet, and one must
consider its electronic band struct. ure to understand the
antiferromagnetism.

In a band model of itinerant magnetism one must
consider two Fermi surfaces. For a ferromagnet, like
iron, one surface would be for spin-up electrons, the
other for spin-down. To establish a qualitative under-

standing of itinerant electron magnetism one assumes
that the intra-atomic exchange (analogous to the
Hund's rule energy for atomic orbitals) can be ex-

pressed in terms of a molecular field. As a result of the
electronic spin's interaction with this field, an energy
splitting occurs which leads to unequal populations in

2

the spin-up and spin-down bands. For an itinerant anti-
ferromagnet like Cr, one again thinks of two Fermi
surfaces, one for electrons with spins in phase with the
antiferromagnetism and the second for electrons with
spins out of phase.

The existence of a SDW implies that the magnetic
susceptibility x(q, 0)—&eo. The unenhanced magnetic
susceptibility as given by perturbation theory is"

x'(q) =-~-' 2 Lf. (1—fk+u, )/&. (&+q) —&.(&)],

where fq, is the Fermi distribution function for the
state k in band rs, and E„(k) is the energy of an elec-
tron with wave vector k in band e. The above must be
modified to take into account the exchange interaction
V(q), giving formally

x(q) = x'(q) /L1 —V(q) x'(q) ]. (3)

The condition for a nonzero magnetic moment in the
absence of an applied magnetic field is V(q) x"(q) =1.
Of course as Vx'~1, the perturbation approach breaks
down, but it is evident that whenever x' tends to be-
come large, an instability may result. An examination
of Eq. (2) reveals that whenever there are two con-
stant energy surfaces near the Fermi level having sig-
nificant areas connected by some vector q, x'(q) will

become large. " x(q) has been evaluated for Cr by
Gupta and Sinha. "

A cross section of the Fermi surface of Cr" in the
(100) plane is shown in Fig. 1. The important areas
are the Rat octahedral faces of the electron jack centered
at F and the faces of the hole octahedron centered at
H. As first pointed out by Lomer" these areas are
responsible for the existence of the SDW in Cr. Figure
1 shows that two sides of the cross section of the hole
octahedron are separated from the two sides of the
cross section of the electron jack by the vector Q of
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FIG. 1. Section in a (100) plane of the Fermi surface of Cr.
The vector Q is shown, labeled 2~/a(1 —5), as well as the vector
Q =G—Q, labeled 2~/a(1+8).

Eq. (1) . States on, and near, these sections are strongly
coupled and their energies displaced above and below
the Fermi level. The electron jack is smaller than the
hole octahedron, and differs somewhat in shape. As a
result much, but not all, of the hole octahedron and
central part of the electron jack are removed from the
Fermi surface by the SDK. Figure 1 also shows the
vector

Q*=G —Q = (2m/a) (1+5, 0, 0) .

The periodic magnetization of Eq. (1) introduces a
periodic term in the exchange potential, but one whose
periodicity is not commensurate with that of the lattice.
This introduces a series of gaps in the band structure.
These gaps occur near, and are largest at, wave vectors
k such that E(k) = E(k&eQ&mG), where m and m

CCare integers. The width of the e= 1, m=0 gap, a first-
order" gap, is proportional to

~
Mo~ . Other gaps fall off

fairly rapidly in width as rs and m increase. An instruc-
tive model study of this phenomenon was carried out
by Falicov and Zuckerman" and by Kimball. ' The gap
produced by Q* (see Fig. 1) is a first-order gap in this
picture, but the classification of gaps by order is some-
what model dependent. ""In particular, some second-
order gaps can be nearly as large as first-order gaps
along particular lines in the Brillouin zone. "Moreover,
Q can lie along any one of six equivalent j100j direc-
tions, but for a macroscopic single crystal, many do-
mains usually form, "so that effectively all six equiva-
lent Q vectors can be considered as introducing gaps
in the band structure.

Figure 2 shows the band structure of paramagnetic
Cr. '7 The bands of concern are 2~5'-Z3-%3, which
goes through the center of the flat section of the
electron jack (Fig. 1), and H25'-G&-Ar&, which goes
through the center of the flat section of the hole
octahedron. These bands, where they cross the Fermi
surface, are separated by Q. Consequently they are
split a considerable amount at the Fermi level, and
lesser amounts away from it, by the part of the ex-

~ ~

change potential proportional to cosQ r. This is shown
schematically in Fig. 3, where a splitting is also shown

along the 6 direction, this splitting being smaller than
on the flat parts of the Fermi surface because the elec-
tron jack and hole octahedron intersections with 6 are
separated by a wave vector slightly different from Q.

An optical transition is expected across such a gap, "
because the wave functions for the states just below the
gap have periodic factors cos(~Q r) for spin-up and
sin(-', Q r) for spin-down, while those for states just
above the gap have factors sin(-,'Q r) for spin-up and
cos(-,'Q r) for spin-down. "All other factors are essen-
tially the same, so the electric dipole transition matrix
element for a free-electron gas with a SDW is of the
form

f(sin-', Q r)r(cos-,'Q r)d'r,

and does not vanish. No spin flip is necessary, and the
transition occurs in all regions of the Brillouin zone near
gaps.

la-F dders and Martin" carried out a model ca cu a-e ers
tion in which they obtain an expression for the extra
optical absorption caused by transitions across the
first-order gap. In their model, the electron jack and
the hole octahedron are replaced by congruent spheres
separated by a wave vector Q. The attractive Coulomb
interaction between electrons and holes connected by
the wave vector Q creates bound electron-hole pairs in
the triplet state. A mathematical analysis proceeds
along the lines of the BCS theory of superconductivity,
and the T= 0 energy gap in this idealized model, at the
Fermi surface, is given by 26=3.5kT&. This model
predicts an optical conductivity whose real part is

4e'k '6' tanh(5(o/kT)

3 ~2 [($ ) 2 4+2jl/2

The inverse square-root singularity is, of course, non-

p ysicah sical and arises from the isotropy of the electron-
hole spheres and the lack of any type of scattering.
Several optical studies have been made on Cr to deter-
mine the energy gap" " and the prediction of the
Fedders-Martin calculation is somewhat smaller than
the 0.12 eV first observed. " Recent work" has been
directed at quantitatively testing a version of the
Fedders-Martin theory, modified to consider broadening
caused by the electron-phonon interaction, with care uful
measurements of the temperature dependence of the
infrared absorption peak in Cr. The electron-phonon
interaction causes the gap energy to increase from its
BCS value of 3.5k T~——0.094 eV to 5.1k TN=0. 137 eV.
It also removes the singularity in o-& at the gap energy.
Kimball and Falicov'4 have investigated a two-band
Hartree-Fock model and find the gap to be 4.3kT~,
while Liu" has shown that imperfect nesting of electron
and hole surfaces will cause the gap to exceed 3.5kT~.

Chromium-rich alloys with many solutes also exhibit
antiferromagnetism. The Cr-Mn system has been
studied extensively. ' ' As Mn is added, T& increases,
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Fn. 2. Energy bands of paramagnetic Cr, after Asano and Yamashita, Ref. 17.

and the vector Q increases, i.e., b decreases, until
about 1% Mn has been added. At this point 6=0 and
it remains zero as more Mn is added. ' This jump to
commensurate ordering has been explained by Falicov
and Penn" (see also Ref. 10). It can be understood
qualitatively as an interplay between two energy-
reducing mechanisms. One is due to the previously
mentioned gaps in the energy bands which cross near
the Fermi level, gaps arising from M(r) via the ex-
change potential. This raises the energy of empty states
and reduces the energy of filled states. The value of Q
that results is, as mentioned earlier, that which con-
nects large areas of Fermi surface. As Mn is added, the
electron concentration increases (see below), causing
the electron jack to swell and the hole octahedron to
shrink. Q thus grows with increasing Mn concentration,
but is noncommensurate, since only at one Mn con-
centration will the large Fermi surface pieces be con-
nected by a vector

~ Q ~

=2s/a. However, there is a
second eBect, the intra-atomic Coulomb energy. This is
minimized by having a larger moment at the ionic
positions. After about 1% Mn is added, the latter effect
becomes dominant and commensurate ordering results.
The vector Q connecting the electron and hole Fermi
surfaces continues to grow larger than 2s/u for in-

creasing Mn concentration (~ Q*~ in Fig. 1 then is
smaller than 2s/u), but itinerant electron exchange no
longer dominates in the energy of magnetic ordering.

Ne

FIG. 3. Some first-order energy gaps introduced in the bands of
Cr by a SD%.

Asano and Yamashita" have calculated the band struc-
ture of pure Cr in a hypothetical commensurately
ordered state, a band structure which should be similar
to that of the more concentrated Mn alloys.

According to the rigid-band theorem as applied to
nearly free electrons, the effect of a perturbing potential
due to the difference in valence between solute and
solvent atoms is to shift every energy band without
change of shape. However, the e6ect of the perturba-
tion will, in general, be diferent for each band, which
may cause the bands to shift relative to each other. The
primary effect is to change the number of electrons/
atom (e/a). This moves the Fermi level upward (down-
ward) relative to the bottom of the band if a solute
atom has more (less) valence electrons than a solvent
atom.

It is not clear that this simple picture is applicable
to the transition metals. The problem has been dis-
cussed in detail by Stern" and Beeby." Stern has
shown that when the parameter e~q/6&&1, the alloy
system has a single band structure which closely
approximates that of a pure metal, and the rigid-band
approximation is valid. Here ~2~ is the magnitude of the
difference of the atomic energies of the two constituents
and 6 is the half-width of the band. The pure metal
that is approximated is some average of the two con-
stituents, and is well defined in the Cr-Mn system ~here
the two elements, if placed in the same lattice, should
have nearly the same band structure. Beeby has shown
that the rigid-band model should be qualitatively cor-
rect for transition-metal alloys as long as the valence
difference is small.

There is a considerable amount of experimental evi-
dence tending to prove the validity of the rigid-band
model for the Cr-Mn system. For example, neutron
diffraction and electrical resistivity measurements on
Cr-Mn-V ternary dilute alloys by Komura and Hama-
guchi" show that there is a correspondence between
effective Mn concentration and the magnetic moment
and Neel temperature. Here the effective Mn concentra-
tion is defined as the Mn concentration minus the V
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concentration in at. %. Thus at least for some physical
quantities, the rigid-band model is of value in predic-
ting results.

In this work, the optical properties of Cr alloyed
with up to 4.5-at. % Mn (all compositions refer to
at. %) and with up to 2% Re have been investigated
over the energy range 0.1—5 eV by measuring the ab-
sorptivity at near normal incidence. One objective of
this work was to examine the antiferromagnetic energy
gap in Cr-Mn alloys and its relation to the theory of
itinerant electron antiferromagnetism. In particular,
the band gap was studied as a function of Mn concen-
tration. A similar study has recently appeared2' "which
is in substantial agreement with ours. Although the
energy gap occurred in the infrared part of the spec-
trum, the absorptivity was also measured at higher
photon energies so that a dispersion integral could be
used to find the value of the phase of the amplitude
reflection coefficients. The complex dielectric constant
could then be calculated. These higher-energy data were
also directly useful in helping locate the position of
certain symmetry points in reciprocal space between
which interband transitions occur. In particular, an
absorbance peak near 1 eV was very sensitive to Mn or
Re addition, and its origin could be identified. A pre-
liminary account of our infrared data has already ap-
peared. "

EXPERIMENTAL PROCEDURE

Instead of measuring the refIectivity R, we measured
the absorptivity A=1—E (for an opaque sample).
In the infrared, R is high for metals, typically larger
than 0.9, and to determine the height and shape of an
interband transition in the infrared by measuring R is

difFicult because it appears as a small dip in E. If A is
measured, the transition appears as a relatively large
peak on a small background. Moreover, reflectivity
measurements are difFicult to make with high absolute
accuracy. "

We used a calorimetric technique, originally used by
Ramanathan" and by Pippard, "and more recently by
others. '~'7 The arrangement is illustrated in Fig. 4.
Monochromatic radiation from a prism double mono-
chromator enters the cryostat and reaches the sample
chamber. The sample and a gold-black-covered"" cop-
per absorber are thermally isolated from the 4.2-K
walls of the chamber, except for thin copper heat-leak
wires. The radiation, of intensity Io, strikes, in turn, the
sample and the black absorber which absorb energy at
rates AIS and (1—A)IS, respectively. (The gold-black
absorbance was measured and found to be greater than
0.99 for X(12 p, falling to 0.98 at 14 p. ) The tempera-
tures of the two "targets" then rise, with a time con-
stant of 1—10s, and the steady-state temperatures are
measured with carbon resistors. The radiation is then
blocked off and the temperature rises of the two targets
duplicated with resistance heaters. The input power to
both heaters is then measured, and set equal to AID and
(1—A)III, from which A can be found. By using a
variety of prisms and light sources, the wavelength
range 0.24—14.0 p could be spanned, with the incident
power Io exceediiig 10 pW for acceptable spectral band-
pass. Near 2 p, up to 150 yW could be directed on the
sample using a bandpass of 0.1 p. The absorber was
large enough to collect a fraction of any nonspecularly
reflected radiation from the sample, reducing errors due
to nonfIat sample surfaces.

The accuracy of the measurements is directly related
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to the amount of energy incident upon the sample.
Since the energy available is smallest in the infrared,
the accuracy suffered somewhat at wavelengths be-
yond 6 IM, . At 10 p, , with an absorptivity of 0,050, the
temperature change for 1 pK of power absorbed by the
sample was typically about 0.007 K, and could be re-
produced to within 2%, leading to a 2% uncertainty in
A. This means the absorptivity was 0.050~0.001, ne-
glecting other sources of error. Comparable accuracy
would require E to be measured as 0.950&0.001. A
considerable increase in sensitivity resulted from pump-
ing on the liquid-helium bath, but there was some loss
of stability.

All data were taken at an average angle of incidence
of 15'. If the incident radiation were s- or p-polarized,
an appreciable correction, one requiring knowledge of
the optical constants of the sample, would be necessary
to obtain the normal-incidence absorptivity. However,
the output of the monochromator and subsequent opti-
cal elements was only slightly polarized, so the correc-
tion for non-normal incidence was negligible.

This method is not without its disadvantages. Rela-
tively large amounts of power are needed, requiring a
large spectral bandpass. The resolution was more than
adequate for the present work, and probably is ade-
quate for all work on metals. All measurements must
be made at, or near, liquid-helium temperature (so that
heat capacities are small) so that the temperature de-
pendence" cannot be studied.

Sample Preparation

All samples were cut from single-crystal ingots grown

by arc-zone melting. ' The ingots were 8 cm long with
a cross section of 1 cm'. Often almost the entire ingot
could be made into a single crystal. The Cr was esti-
mated to be 99.999% pure and the Mn 99.97% pure.
Two samples were spark-cut from the lower portion of
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Fio. 6. Absorptivity spectra of Cr and several Cr-Mn alloys,
showing the movement of the antiferromagnetic peak as Mn is
added. The spectral bandpass is indicated by arrows.

each ingot. The lowermost portion was used for a com-
position analysis by Game-emission spectroscopy, while
the lower surface of the adjacent piece was used for
optical measurements. After etching in a solution of
boiling HCl, the surface was ground and polished using
4/0 emery paper followed by 1- and 0.3-p aluminum
oxide abrasive. The surface was then electropolished
using a 6% solution of perchloric acid in methyl alcohol
at —78'C. The crystal was annealed at 1150'C for 2 h
inside a Ta tube filled with Ar. The sample was then
electropolished a second time, rinsed in absolute methyl
alcohol, and mounted in the sample chamber. The Cr-
Mn samples used contained about half the Mn concen-
trations of the starting material, due to the much higher
vapor pressure of Mn during the melting processes.
The Anal arc-melting step which forms the single crystal
was particularly effective in vaporizing Mn from the
crystal. An electron microprobe analysis indicated that
in the upper 2 or 3 mm of the crystal, virtually no Mn
remained. The boundary between these two regions
could be seen easily by strongly etching a cross section
of the ingot.

EXPERIMENTAL RESULTS

I I

2

PHOTON ENERGY (eV)

FIG. 5. Absorptivity spectra of Cr and several Cr-Mn alloys,
showing antiferromagnetic absorptivity peaks and interband
absorption structure.

The curves of absorptivity versus photon energy are
shown in Figs. 5—8. All data at photon energies below
0.12 eV were taken at 3.5 K instead of 4.2 K. No dis-
continuity could be observed due to the temperature
difference. The peaks at about 0.13 and 0.38 eV are due
to transitions across the gaps introduced by the SDK.
Reference 23 discusses other possible causes of these
peaks and shows they are unlikely.

There do not exist extensive reRectivity data on pure
Cr in the visible and ultraviolet, even at room tem-
perature. ""In the infrared, one can compare our re-
sults with those of Hughes and Lawson" on a poly-
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I
r ~'= 1—A and the P signifies principal value.

To calculate the phase at a frequency cop requires, in
principle, a knowledge of

~

r
~

everywhere. However,
the largest contribution to the integral originates in the
frequency region around cop, and an extrapolation pro-
cedure can often be used to approximate the reflectivity
at very high energies. The upper limit of the present
data is 5 eV, and for 5 eV(E&30 eV, the data of
Girault et u/. 46 were used. Above 30 eV, the reflectivity
was assumed to be of the form R= Rp expLB(&—E)],
where R& is the reflectivity at the energy E2, the maxi-
mum energy for which data are available. 8 was chosen
to give a continuous derivative of the reflectivity at R2.
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FIG. 7. Absorptivity spectra of Cr and two Cr-Re alloys.

crystalline sample at 107 K and those of Barker and
co-workers" " on a single crystal at 80 K. This is
shown in Fig. 8 and the agreement is only fair, even
considering the temperature difference (Ref. 21 indi-
cates little difference between their results at 80 and at
20 K) . In particular, there is disagreement in the loca-
tion of the reflectivity minimum due to the gap intro-
duced by noncommensurate ordering. Our gap is higher
in pure Cr. The reason for this is unknown. Preliminary
reflectivity measurements4' (using other apparatus)
give a reflectivity dip more in agreement with our
results.

To extract more information from the absorptivity
data requires the use of a dispersion integral or Kramers-
Kronig integral. The magnitude of the complex ampli-
tude reflection coeScient r can be used"" in such an
integral to get n, the phase of P,

2ppp ln
~
r

I

n(cop) = —P, , d(v, (~)
7l 0 Mp —OP
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FIG. 9, Imaginary part of the dielectric constant of Cr and
several Cr alloys, obtained from Kramers-Kronig analysis of
the absorptivity spectra.
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FIG. 8. Comparison of the reQectivity of Cr measured in
the present work at 4.2 K with previous results at 80 K {Refs.
20 and 21).

The integral was terminated at an energy E3 to allow
convergence and give good agreement in the region from
5 to 10 eV with the data of Girault et a/. It should be
pointed out that the use of such an extrapolation is not
fundamentally sound and can lead to serious errors if
attempts are not made to insure accurate optical con-
stants at some point in the region where reflectivity
data are available. Although changing E3 caused rela-
tively slight variations in e& and e2 below 1 eV, above
this energy appreciable modifications in ~ occurred.
Hence, the ei and e~ curves for 1 eV&E(4 eV should
not be trusted for absolute accuracy. These curves have
the correct shape but may be displaced vertically from
their true values. After the phase had been found, the
complex dielectric function was obtained from the rela-
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tIons
n= (1—R)/(1+R —2R'i' cosa),

k= 2RU2 sinn/(1+ R—2R'~2 cosa),

e1
——e'—k',

&= 20k.

to correct in Figs. 9 and IO, however, for the peak at
0.13 eV is similar to that in Cr+0.45% Mn, where the
anomalous skin effect is truly negligible. Thus the only
incorrect parts of Figs. 9 and 10 are the parts repre-
sentative of the free-electron gas for pure Cr, and they
should not be greatly in error.

TABLE I, Location and size of the antiferromagnetic
absorption peak.

Energy
of peak

absorptivity
I,'e~)

Peak
absorptivity

Gap
edge

C.
'e~)

Figures 9 and 10 illustrate the calculated values of e.
and o&e./4jr = 0~, the real part of the complex conductiv-
ity. For pure Cr, with a resistivity ratio of 200, e2 and
01 are not correct. At 4 K the mean free path of the free
electrons is larger than the characteristic penetration
depth of the light, and the theory of the anomalous
skin effect must be used. A local (k-independent) di-
electric constant or conductivity does not exist. The
interband contributions to ~2 and o1 are probably close

DISCUSSION

Concentration Dependence of Ga,y Energy

From Fig. 6, the absorptivity peaks are seen to be
near 0.13 or 0.38 eV. Table I illustrates the efkct of
alloy concentI'ation on the magnitude and location of
the energy gap (see also Ref. 23) . Also listed is the gap
edge, i.e., the least energy necessary to cause the ab-
sorption to increase above the free-electron background
as determined by examining the low-energy side of the
absorptivity peak. The most noticeable feature of these
data is the abrupt change in size and location of the
absorptivity peak that occurs between 0.45 and 0.94%
Mn. It is between these concentration limits that the
antiferromagnetism changes from the noncommensurate
to the commensurate structure.

Noncommensuraie Antif erromagnetism

Fermi Surface ProPert-ies
Chromlllm
Cr-0. 45% Mn
Cr-0. 94% Mn
Cr-2. 5% Mn
Cr-4. 5% Mn
Cr-1.05/ Re
Cr-2. 0% Re

0.13
0.135
0.36
0.37
0.40
0.38
0.36

0.068
0, 074
0.331
0.320
0.292
0.268
0.310

0.08
0.08
0.20
0.14
0.10
0.20
0.17

The band picture, in this case, has been discussed in
the Introduction. H ) Q ~ / ~

6
~

is not a rational num-

ber, the reduced zone scheme is no longer valid al-
though the concept remains useful. A great many en-

ergy gaps appear in the one-dimensional dispersion rela-
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FIG. 11. Simplified band structure showing middle state and
double energy gap, after Ref. 17. In (a) the band with positive
slope (a) is, for example, Z3 and the band with negative slope
(P) is G3, displaced a distance Q to the left of its original position.
In (b) another G3 band (p) has been drawn after having been
displaced by Q* to the right of its original position. (c) shows
the bands of (b) after the SDW is "turned" on. The black parts
of the bands are filled.

tion, and the size of these gaps has been discussed by
several authors. '4 ""

The gap dependence on Mn or Re concentration can
be understood by referring to the energy bands for
paramagnetic Cr (Fig. 2) and the Fermi-surface cross
section (Fig. 1). The band calculations are due to
Gupta, + who used the augmented-plane-wave (APW)
method, and Asano and Yamashita, " who used the
Green's-function technique. As one increases the Mn
content, the e/a ratio increases, thus raising the Fermi
energy. The electron surface at F increases in size, the
hole surface at H decreases in size, and both effects
cause Q, the superlattice vector, to get larger. With in-
creased Mn, the average magnetic moment and Xeel
temperature are observed to increase, ' implying a
stronger exchange interaction. This is likely to be due
to larger areas of the Fermi surface being coupled by the
Q vector. As 5—&0 all four Rat sides of the electron jack
are coupled to sides of the hole octahedron. Since the
gap energy is proportional to

~
Mo~, the amplitude of the

SDW, one expects an increase in the gap energy as Mn
is added. By comparing the results of the Cr and Cr-
0.45% Mn samples, the gap energy is seen to increase
slightly in accord with the above prediction. This can
also be seen in Refs. 22 and 23.

a region were the size of one of the antiferromagnetic
domains which make up an annealed crystal, it would
be large enough to support a commensurate SDW.
The size of these domains is not known, but neutron
diffraction results indicate cubic symmetry in non-
field-cooled samples, ' which implies a domain size small
compared with the dimensions of the neutron beam,
i.e., a fraction of a mm. Actually, much smaller regions
probably could exist as antiferromagnetic domains.

To explore the second possibility, consider a section
of the band structure as shown in Fig. 11.The energy
gaps are those due to Q and to Q*. Energy gaps can be
found by displacing paramagnetic bands by Q in k

space. Whenever two such displaced bands cross at the
Fermi level, gaps will appear. The plane of Fig. 11 is
perpendicular to the (100) plane of Fig. 1, and it con-
tains the vector Q shown there. Thus it runs parallel
to the L100$ direction, but cuts the hole octahedron,
and central part of the jack, missing the balls on the
jack. In Fig. 11(a) the band rising toward the right
passes through the Rat face of the electron jack at the
Fermi surface. The other band passes through a hole
octahedron to the right of the jack, but it has been
displaced to the left by Q. Figure 11(b) now brings in
another band passing through another hole octahedron,
one originally to the left of the electron jack. This
band was displaced by Q* to the right to appear in Fig.
11(b). Figure 11(c) shows these bands after the inter-
action has split them. An indirect transition between a
and d would require an energy close to the commensu-
rate gap energy and a momentum change of 5

~

Q*-
Q ~

=- n4.55/ .aThe lack of momentum conservation
might be explained by impurity or phonon scattering,
but it is not necessary. Kimball" has shown that in a
noncommensurate antiferromagnet allowed optical
transitions occur in which k changes by Q or Q*.
This effect may also occur in the pure Cr sample, as
evidenced by the shoulder in e& near 0.4 eV. Such a

„Kg

L'vidence for Indirect Transitions
across Tz&o Energy GaPs

The complex dielectric constant (especially e ) reveals
information about the types of transitions that are
occurring near the gap energy. The Cr-0.45% Mn
absorption peak occurs near where the peak occurs in
pure Cr and the conductivities are similar. Yet e~ ex-
hibits a slight bump at approximately 0.4 eV, where the
commensurate samples have a large e2 peak (Fig. 9).
This could have two origins: (i) crystal inhomogenei-
ties, or (ii) indirect transitions across two energy gaps.

It is possible that small regions exist in the crystal
which have a locally higher Mn concentration. If such

=Ky

FIG. 12. 8ril louin zones for the bcc space lattice (that of
paramagnetic Cr) and the simple cubic space lattice (that of
commensurately ordered Cr alloys). States within the pyramidal
volume described by the plane containing E and P perpendicular
to the k„axis and the point FX on the k„axis are remapped into
the equivalent volume within the cubic zone described by the
plane containing ill' and 8 perpendicular to the k„axis and the
point F.
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FIG. 13. Energy bands for hypothetical commensurately antiferromagnetically ordered Cr, after Ref. 17. The bands of Fig. 2 are
remapped into the simple cubic zone I'Fig. 12), and degeneracies at the new zone boundaries lifted by the crystal potential. The bands
from B to E in Fig. 2 are now from F to R, and the F-6-H bands are now I'-6-X-6-F. The antiferromagnetic gaps are along & and p.

shoulder should not be due to commensurate-phase re-
gions in the sample, unless they can occur without
appreciable impurities. One expects a weaker effect in

pure Cr because more momentum is required for the
indirect transition (h is larger than in the 0.45% alloy)
and possibly because there is less scattering to supply
the momentum. Even if we are observing both phases in

the Cr-0.45% Mn sample, the fact that the absorp-
tivity of the commensurate samples is less than the
absorptivity of the noncommensurate samples at photon
energies between 0.6 and 0.9 eV is still unexplained
(Figs. 6, 7, and 9), unless indirect transitions occur in

the noncommensurate samples in this energy range as
discussed above. They would not occur in the commen-
surate samples.

Commensurate Antiferromagnetism

Commensurate Antiferromagnetic Energy Gap
irI, BarId Picture

The sudden increase in gap energy for the 0.94% Mn
sample can be attributed to achieving commensurate
ordering. Falicov and Penn" have considered a model
where the energy gaps caused by Q and Q* merge to-
gether as

~ Q ~

—+2s/a (i.e., 8~0), .and the commensu-
rate structure is reached. This model predicts a gap
which is larger by a factor of 2 than the gap in non-
commensurate antiferromagnetism (Fig. 11). Experi-
mentally, this is not very different from the results ob-
tained by optical absorption.

When the commensurate structure is reached, the
magnetic ordering is essentially that of a simple anti-

ferromagnet. The Brillouin zone for the bcc structure
must be replaced by a new zone, the magnetic super-
zone, which is cubic and has one-half the volume Of the
bcc 3rillouin zone (Fig. 12).

In going from the paramagnetic to the antiferromag-
netic case, the Fermi surface and energy bands undergo
certain alterations. The bands of Fig. 2 can be
remapped, and the self-consistent interaction causes
the bands to split, forming an energy gap at the super-
zone boundary (Fig. 13).However, far more important
is the energy gap which appears due to the accidental
degeneracy as can be seen on the A and Z axes near the
Fermi level. A considerable portion of the Fermi sur-
face is annihilated, and the resulting gap is responsible
for the large absorption peak near 0.36 eV in the com-
rr~ensurate samples.

Asano and Yamashita'" have also calculated the band
structure of a hypothetical commensurate Cr using the
Green's-function method (Fig. 13). They represented
the exchange interaction by an adjustable parameter X,
determined so as to give a spin polarization of 0.6 p~
per atom. They determined the energy gap along the A
and Z axes to be 0.4 eV, which is in good agreement
with the optical measurements observed here.

Gap Anisotropy

The area under the e2 curve, fe2 (E)d E, in the vicinity
of the gap energy should be proportional to the amount
of Fermi surface annihilated by the magnetic ordering.
This is because the annihilated states are bunched to-
gether at either side of the gap and it is between these
states that the transitions occur. According to a band-
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structure calculation'~ done on hypothetical commen-
surate Cr, the density of states at the Fermi energy is
reduced by about 29%. Energy-band calculations indi-
cate that the energy gap, which can be seen on the A

and Z axes, exists in almost all directions from F.
Practically the entire electron surface around I' and the
hole surface at H are eliminated by the magnetic
ordering. As can be seen from Fig, 13, there is no gap
on the 6 axis, and the hole pockets remain around S.
A small gap is indicated in Fig. 3, but when the electron
jack swells and the hole octahedron shrinks, this gap
becomes smaller.

The width of the absorption peak measured on the
0.94% Mn crystal is about 0.14 eV, and considering
that the data were taken at 4.2 K, it is apparent that
some form of broadening other than phonon broadening
is occurring. Some impurity scattering is surely present,
but it is also possible that anisotropies in the gap en-

ergy are responsible for this effect. Although the band
calculations indicate almost the same gap energy along
the A and Z axes, near the 6 axis the energy gap will
be smaller. This may be the reason for the appreciable
absorption that occurs at energies as low as 0.2 eV in
the commensurate alloys. There will also be a smearing
out of the absorption peak due to impurity scattering.
The larger width of the absorption peak at higher Mn
concentrations can be attributed to increased impurity
scattering and possibly to a larger gap anisotropy. The
energy of peak absorption increases with increasing
Mn content, in agreement with neutron diffraction
measurements which indicate a larger moment as Mn
ls added.

Conductivity Function and Evidence for Mixed Phase

The conductivities of the commensurate samples ex-
hibit the same broad structure observed in the absorp-
tion spectra. Two representative curves are shown in
Fig. 10. One of these is a Cr-1.05% Re sample run for
comparison purposes. Re is in the same column of the
Periodic Table as Mn and should increase e/a as does
Mn. However, the Re ion is much larger and will have
other effects such as an expansion of the lattice and a
less similar potential at the lattice site. It is interesting
to note that at T 0 the commensurate phase is reached
with the addition of about 1% Re just as with Mn.

The Cr-1.05% Re sample exhibits a smaller e: peak
near 0.4 eV compared to the commensurate samples
(Fig. /) . Also, the conductivity and absorptivity curves
give weak indication of noncommensurate behavior near
0.15 eV. This e6ect is believed due to crystal inhomo-
geneities since 'the composition lies near the phase
boundary. '8

Higher-Energy Interband Transitions

The interband spectra are dificult to analyze, be-
cause (a) many bands occur having states with energies
near Er and (b) band calculations made by different
authors are not in complete agreement.

To determine what transitions are likely to occur
requires finding the occupied states

~

i
&

and unoccupied
states

~ f) for which the matrix element, proportional to
(f I

n p I i& «(f I
n r

I i&, does n«va»sh n is a u»t
vector in the direction of polarization of the incident
radiation, and p and r are electron momentum and
position operators, respectively. By using group theory,
one can determine if the latter dipole matrix element is
nonzero. Required is a decomposition of the direct
product I',XI'; to see if it contains the irreducible
representation Pf. Here P, (Pt) is the irreducible repre-
sentation of the initial (final) state, and 1'„ is the irre-
ducible representation of the operator x, y, or s. Sachs"
has tabulated selection rules for many direct optical
transitions involving Bloch functions with k vectors
along symmetry lines. %e have used these and calcu-
lated a few others, using character tables/0" All the
transitions to be mentioned are electric-dipole allowed.

The 6rst strong interband absorption peak is near
1 eV (Fig. 5). Except for superzone gaps at X, in
commensurate samples only, the only symmetry point
where this transition might occur is at X, namely, the
E~'~E~, X~'—+%4 complex. According to the calcula-
tions of Loucks" and Gupta, the Fermi level occurs
very near E»', and they cannot predict with certainty
that a hole pocket exists there. The calculations of
Asano and Yamashita" show de6nitely the existence
of a hole pocket at E~'. Graebner and Marcus" 6nd a
small hole pocket at X by de Haas —van Alphen effect
measurements on antiferromagnetic Cr. Assuming the
existence of a small hole pocket at X&', alloying with
Mn would tend to enhance this transition due to 6lling
the bands denoted by 64 and Z&. When they are filled,
the transition would occur at a critical point in the
joint density of states. Since an enhancement does
occur, we associate the S~'—+E~, X~'—+%4 complex with
the peaked part of the broad a,bsorption near 1 eV. It
should be pointed out that if Asano's calculations are
correct, our analysis would not be valid since then the
point S~' lies 0.8 eV above the Fermi level. Then the
Z~ band near X would intersect the Fermi surface at a
large angle, and the density of states would increase
only slowly with additional Mn. Under these conditions
the Zi band at E would not be populated (unless large
quantities of Mn were added) and no enhancement
would be expected. In either case, a large part of the
edge at 1 eV (but not the increase in absorption that
occurs upon alloying) should be attributed to transi-
tions between the Fermi surface and the Rat band
I'i2~Pg~Xi, Xi~H;5' (Fig. 2) . There exists an appreci-
able volume in k space where transitions to this band
from the Fermi surface can occur. A similar situation
exists in copper. " It is possible that both processes
contribute to the 1-eV peak.

The shoulder near 2 eV can be associated with the
F25'—+I'i2 transition. Both band calculations list the
energy difference as being about 1.85 eV.

The peak near 3.4 eV is probably the I'4—+I'3 of
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Gupta's calculation (4 eV) or the corresponding Ri;~
Ri2 (3.1 eV) of Asano. A gradual increase in absorbance
begins at 4 eV and continues to the limit of the data.
(The data of Girault et al.4' indicate the peak occurs at
about 5.5 eV.) It should be reiterated that band-
structure curves are very sensitive to the potential used
in their calculation, and it is possible that later calcula-
tions will prove our associations incorrect. However,
there does seem to be a good correspondence between
the band calculations and our optical measurements.

Pote added inpr, oof. The statements made above on
the filling of hole pockets at X and the associated
enhancement of the absorption are not consistent with
preliminary interpretation of de Haas —van Alphen data

on Cr-Mn alloys LE. Gutman (private communica-
tion) ]; the signal identified as arising from hole
pockets at E indicates these pockets become larger in
cross section as Mn is added, not smaller as we have
inferred.
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