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Optical Studies of Antiferromagnetism in Chromium and its Alloys
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Absorption peaks are observed in the infrared spectra of chromium and of chromium alloys
in the antiferromagnetic state. These peaks arise from the excitation of electrons across the
antiferromagnetic energy gap. For the incommensurate state at low temperatures, the ab-
sorption maximum occurs at 5.1kT&. In the commensurate state, the gap is larger, and the
absorption maximum is roughly independent of T&. The breadth and temperature dependence
of the absorption in pure chromium are explained on the basis of electron-phonon scattering.
Resistivity measurements, optical-anisotropy data, and absorption spectra at several tem-
peratures are presented and discussed.

I. INTRODUCTION

Chromium appears to be unique among metals,
forming an itinerant electron antiferromagnetic
state below the Neel temperature, T„=312 'K.
The spatially oscillating electron- spin polariza-
tion has been extensively studied by neutron spec-
troscopy to obtain the amplitude, period, and
spin direction. ' The adjective "itinerant" is
used because the spins which align below 312'K
belong to the mobile conduction electrons which
provide the electrical conductivity. There are
several pieces of evidence for the itinerant na-
ture of the antiferromagnetism. One of the
proofs is provided by the observation that the
antiferromagnetic spin-density wave (SDW) is
purely longitudinal at low temperatures and its
period is incommensurate with the lattice. Such
a SDW can be contrasted with the SDW in certain
rare-earth metals. In Tb, Dy, and Ho there is
thought to be a fixed localized spin on each lattice
site. The spin direction varies in a spiral pattern.
While the pitch of the spiral is incommensurate,
the spin at each site is constant unlike the case
of the incommensurate longitudinal spin pattern
in chromium.

Lomer first pointed out that in chromium the
electron Fermi surface at I' [(0, 0, 0) in recipro-
cal space see Fig. 1] and the hole surface at H

[(1,0, 0) in reciprocal space] have almost identi-
cal shapes thereby enhancing the density-of-state
factor in any coupling interaction. ' More pre-
cisely, if the electron surface at I" is shifted by
the wave vector Q = (2v/a ) (0. 95, 0, 0) it fits or
"nests" against the hole surface at H. This nest-
ing of the Fermi surface appears to be very close
or exact in chromium and is probably the main
reason for the occurrence of the itinerant antifer-
romagnetism. The coupling of the surfaces is
provided by the Coulomb attraction of the electrons
and holes. The appearance of the new wave vector
Q in the problem means that there is a new peri-
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FIG. l. (a) Unit cell and schematic band structure
of chromium in the paramagnetic phase. The dashed
line marks the Fermi level. (b) Fermi surface of
paramagnetic chromium derived from the bands. Two

Q vectors which cause nesting are shown. (c) New gaps
in the band structure of antiferromagnetic chromium
caused by the new periodicity associated with Q.
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odicity in real space of 2m/Q =a/0. 95. In a sim-
ple bcc antiferromagnet, the new period would be
2m/Q =a in the [100]direction.

Overhauser has emphasized the spin-density
wave properties of the interacting electrons in
chromium and noted the mathematical similarity
to the BCS theory of superconductivity. Fedders
and Martin have carried out detailed calculations
of a particular two-band model of chromium.
These authors take the electron and hole portions
of the Fermi surface to be spheres of equal radii
and the attractive potential to be constant, inde-
pendent of the wave vector. For such a model the
nesting is perfect. Their results give a critical
temperature T~ at which the system makes a
second-order transition to a SDW ground state with
wave vector Q. The periodicity of this wave causes
gaps in the energy spectrum which are constant
independent of wave vector because of their choice
of a constant potential. It is an important result
of the present work that the optical structure as-
sociated with the gap is fairly sharp, indicating
that the energy gaps introduced in chromium are
reasonably constant.

The SDW gaps are analogous to the zone-bound-
ary gaps which already exist in the crystal due to
the periodic-atomic potential. The zone-boundary
gaps occur because of mixing of pairs of states
separated by the reciprocal-lattice wave vector G.
SDW gaps will occur for pairs of states separated
by Q where Q is the separation of the electron and
hole surfaces which couple. For the case of per-
fect nesting, every electron at the Fermi surface
sees a hole state also at the Fermi surface dis-
placed by Q so that even a very small gap caused
by pairing will remove the entire electron and
hole portions of the Fermi surface giving insu-
lating behavior. In addition to the gaps described
above, there will be coupling between states sep-
arated by NQ +Ma. This coupling is weaker. The
gaps here are called Nth-order gaps. The second-
and higher-order gaps are important for certain
transport properties but are expected to be weak
and to occur at very low frequency making the as-
sociated absorption very difficult to detect optical-
ly.

This paper is principally concerned with mea-
suring the first-order SDW gaps by observing the
corresponding optical transitions in the infrared
spectral region. The optical transitions across a
SDW gap are electric dipole allowed. This result
at first seems contradictory for a SDW ground
state. Detailed examination of the spin coupling
shows that just below the gap the spin-up electrons
are modulated by sin Q r and the spin-down wave
functions by cos Q r. Above the gap the modula-
tion functions are reversed. Therefore, the elec-

tric dipole matrix element with no spin flip (i. e. ,
absorption of a photon) is between sin Q r and
cos Q r states which is allowed in first order.
Figure 1 illustrates schematically the coupling and
creation of a SDW gap. At the top of the figure
some of the energy bands of chromium near the
Fermi level for two principal directions are shown
schematically. 8 In Fig. 1(b) parts of the Fermi sur-
face are shown. The principal electron and hole
sheets at I and H are octahedral surfaces with
rounded vertices. In addition there are electron
"balls" on the points of the I' sheet and hole ellip-
soids at ¹ Next, a coupling of states linked by
Q is considered. The Q of interest is that which
causes "nesting, " that is, a shift of Q brings
most of the area of the electron surface at I' into
coincidence with most of the hole surface at H.
Both + Q and - Q shown in Fig. 1 are equally effec-
tive and both occur simultaneously. Interactions
cause the mixing of wave functions and the split-
ting of bands where they cross. Figure 1(c) shows
the splittings and gaps formed for the bands illus-
trated. In chromium the distortions from perfect
octahedral shape cause best matching to occur
away from the octahedron points. The gaps prob-
ably open on the flat octahedral faces and are best
seen by looking at energies along the line (k, 0. 2,
0), for example, rather than along the line (k, 0,
0). All gaps can be located by drawing the energy
bands then redrawing the same bands shifted by
+Q aNG. Points of intersection give the location
of the SDW gaps.

There are several points to be made which can
be visualized using Fig. 1.

(a) Because of the shapes of the pieces of Fermi
surface, coupling of states displaced by a Q does
not open gaps over the entire Fermi surface. The
hole ellipsoids at N remain and parts of the hole
surface at H probably remain. Chromium there-
fore retains some of its metallic properties below
the transition temperature, though the electrical
conductivity and electronic specific heat are re-
duced substantially.

(b) Best matching of Fermi surfaces occurs
for +Q along 100, 010, or 001 axes. Detailed de
Haas-van Alphen studies have shown that on cool-
ing below T„domains are formed. In any one
domain there is one Q vector and the symmetry
is reduced from cubic to tetragonal. Cooling
the sample through T~ in a strong magnetic field
Hp favors the formation of a single domain through
the entire crystal with aQ along the (100) axis
closest to the direction of Hp. Such a tetragonal
crystal can be expected to show anisotropic opti-
cal properties. We expect the strongest gap ab-
sorption to show ug for the infrared electric. field
polarized along a Q.
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(c) From Fig. 1 we note that if the Fermi level
is raised (e. g. , by alloying Cr with Mn to add

electrons) the electron surface at I" becomes
larger and the hole surface at H smaller. More
area will nest when the I' surface is shifted by

+Q. If enough electrons are added, and the
Fermi surfaces remain octahedral shaped, the
sizes of the electron and hole surfaces mill

become equal so that Q=-,' G which implies a
commensurate antif err omagnetic state. Such
commensurate-incommensurate transitions have

been discussed theoretically. '& ' ~ " Rice has
studied the effects of imperfect nesting using a
model with spherical electron and hole Fermi
surfaces of different radii. " He finds a first-
order transition between the commensurate and

incommensurate antiferromagnetic states as the

difference in radii increases. It has been found

that alloys of Cr do show thj.s transition.
As electrons are added Q increases towards

—,'6, i.e. , the factor 0. 95 mentioned previously
rises towards 1.000. TN also increases indicating
a more stable antiferromagnetic state. At a cer-
tain critical alloy concentration [near 0. 3'%%uo Mn for
the Cr (Mn) alloy]Q jumps to —', 6 discontinuously. '2

We find a discontinuous change in the optical ab-
sorption near this concentration also.

In Secs. II and III below, we discuss sample
preparation and the infrared optical measurements.
Section IV gives the results of the study of the
energy gap for pure chromium as a function of
temperature and crystal direction. Comparisons
are made with the Fedders-Martin model as ex-
tended by Halperin and Rice to include electron-
phonon coupling. " In Sec. V the gap absorption

is discussed in both commensurate and incommen-
surate chromium alloys. Details of the magnitude
of the anomalous skin effect and the actual optical
constants of chromium are included in two Appen-
dixes.

II. SAMPLE PREPARATION AND MEASUREMENTS

A. Sample Types

Table I shows the samples used in the present
study. Four types of pure chromium were inves-
tigated. First "as-deposited" small single crys-
tals about 2 mm && 2 mm & 10 mm purchased from
Materials Research Corporation were examined.
These had residual resistance ratios (RRR) of

p (300'K)/p (4. 2'K)-800. They exhibited the op-
tical energy gap to be described below but were
too small for many of the studies. Most of the
spectra were taken on zone-refined single crystals
obtained from Materials Research Corporation
which had RRR -200. These crystals were 18 mm
diam & up to 30 mm long. Some of the single crys-
tals were remelted to make a polycrystalline sam-
ple with crystallite size &0. 5 mm. This sample
showed gap absorption also but with strength re-
duced about 25%%uo. Finally a chromium film was
evaporated onto polished sapphire in a vacuum of
10 Torr. It showed no gap nor even a resistive
transition.

The chromium alloys mere all formed by arc
melting. Some samples as noted in Table I had
molten zones passed through them in the arc
furnace to give single crystals. The concentration
of the minor constituent listed for each alloy is
probably accurate to better than 10'%%uo of the con-
centration quoted. Figure 2 shows a section of the

Dopant
element

Atomic
percent

TABLE I. Chromium samples.

CO

('K)
Corn. ments and

source

Pure
Pure
Pure
V
V
V
Mo
Mo
Mn
Mn

Bu
Ru
Bu
Re
Fe

0.5
1.0
1.24
5.0
8.6
1.0
1.76
0.3
0.65
2.0

15.0
3.0

310
310
b

255
205
199- 245
207
451- 485
385
460
572
578

I
I
I
I
I
I
I
I
60
C
220
70
C
C
254

Single
Polycrys talline
Evaporated film
Single
Single
Polycrystalline
Single
Polycrystalline
Single
Single
Polycrystalline
Polycrystalline
Polycrystalline
Polycrystalline
Polycrystalline

M. R. C. Corp.
BTL
BTL
AMES
AMES
BTL
AMES
BTL
AMES
AMES
BTL
BTL
BTL
BTL
BTL

Most samples are either commensurate (C) or incommensurate (I)
For the remaining samples Tco is interpolated from data in Ref. 10.

No transition detected in resistivity or optical spectra.

over the entire temperature range 0 & T& Tz.
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data analysis, each sample had a calibration run
made at room temperature. For this run, alumi-
num was evaporated on half of the sample face.
The ref lectivity R'(chromium) was then mea-
sured with respect to this wavy aluminum mirror.
This technique corrects for nonspecular reflection
of the sample since both the sample and mirror
now have similar wavy surfaces.

C. Resistivity Measurements

Bars for resistivity measurements were pre-
pared for each sample. These were spark cut
to about 2 mm x 2 mm ~ 12 mm long. The long
edges were then lapped into flatness and paral-
lelism. Copper current and voltage leads were
spot welded in place and a thermocouple cemented
to the center of the bar. The resistivity (p) mea-
surements were made on an x-y plotter (p versus
T) for several cooling and heating runs. Precise
measurements of p were made for some samples
at fixed temperatures. The Neel temperature de-
terminate from the cusp in p (T) is listed in Table
I for each sample. The evaporated chromium
film showed no resistivity anomaly.

III. DATA ANALYSIS

A. Reflectivity Measurements

Spectra of R~ or R' were measured for the
samples in the wavelength range 0. 75-33 p,

(300-13000 cm ) at various temperatures from
20 to 370 'K. Using the method outlined in Sec.
II the data were corrected for surface rough-
ness and reduced to R. A Kramers-Kronig anal-
ysis was then performed to obtain the real and
imaginary parts of the conductivity and other op-
tical constants. Because of the range of data it
is convenient to plot the absorptivity A = 1 -R
rather than R. Figure 4 shows a log-log plot of
1 -8 for two aluminum films and the real part of
the conductivity 5 obtained from the Kramers-
Kronig analysis. The ref lectivity data were ob-
tained from the literature. We will use Fig. 4
to make several points. First we note that alu-
minum films prepared in ultrahigh vacuum
(10 Torr) have higher ref lectivities in the in-
frared. The corresponding infrared conduc-
tivity is somewhat lower. Typical values for
aluminum films prepared in a moderate vacuum"
(such as our films) are shown also. These latter
values of aluminum ref lectivity were used where
necessary in our data reduction to obtain the re-
flectivity of chromium.

B. Low-Frequency Region

At low frequencies (&u & 1/v) we note from Fig.
2 that 1-R tends towards a straight line with slope

At 300 'K, I/v= 660 cm ' in aluminum. ~8 In

C. High-Frequency Region

Figure 4 shows that the aluminum ref lectivity
spectrum is fairly flat and featureless up to

IO6

ALUMINUM FILM
300oK 0 ULTRA HIGH VAC.

+ STANDARD FILMS

+ 1% UNCERTAINTY

IO0

IO' +—IOI
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Io~ I04
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FIG. 4. Reflectivity spectra of two types of evaporated
aluminum films. In this and succeeding figures we plot
absorptivity A=1 —R for convenience. The solid curves
show the conductivity spectrum obtained from R by
Kramers-Kronig analysis.

chromium, the present experiments and theoret-
ical estimates put I/v between 150 and 350 cm '
at 300'K. " Metals generally follow 1 -R -w'

at low frequencies. This is the Hagen-Rubens
relation. The constant of proportionality is given
in Table II. The antiferromagnetic absorption to
be discussed below causes sharp structure in R
near 1000 cm '. The Kramers-Kronig integral
transform is somewhat local so that if we are
interested in structure near 1000 cm ~, the method
used to extend R below 300 cm ' is not very im-
portant. For the analysis of the chromium data
we have extrapolated all spectra towards zero
frequency using the Hagen-Rubens relation.
Vertical double-ended arrows show the size of a
a 1/o uncertainty in R in Fig. 4. It is obvious
that such a large uncertainty would not allow one
to distinguish between the conductivity spectrum
of our aluminum film and the ultrahigh-vacuum
film. We have endeavored to work to +0. 1% in
all measurements. The absolute R(chromium)
may not be this accurate because of the correction
for surface roughness and for R(aluminum).
These corrections are smooth in frequency, how-

ever, so our analysis for sharp structure is reli-
able as has been borne out by various repeated
analyses of samples for which several sets of
data had been measured.
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TABLE II. Conductivity, dielectric function, and reflectivity for an electron-gas metal.

Drude conductivity

o —= i~,/4v=oo/{1+i&v, ) i-&us /4v

where: op=ne 7'/m =ne l/mv~2 2

l =mean free path

v~ = Fermi velocity = l/r

Dielectric function

+M /( —M +gM(d )
Cd~+ g(d~(d~/{'d= E'~ ——

+ Q7
C

where: (d„=4&ne2/m

M = 1/T

0 (dn/47t'(dc~ o 0 vn/6 vc

f sum rule

o d = &+e /2m = 8 = A'ze /6&m
0

k~ = Fermi wave vector

Hagens-Rubens region «(d,
A=1- Z = 2 (v/30&0) "2

Plasma frequency (e = 0)

M =+(d„/61/2 (1 ~ (d2/4(d2) f/2+. I
~(d

I (dp ( = (d n/6 ~ = 47' e /gyes e ~

Reflectivity and absorptivity (a)
Intermediate region +,&(d & (d&

A = 2(v„/60op) ' classical skin effect

Ap —A + 38y/4c

A, (max) =A(1+0.14x)"' '
for x&100

= A(0.04x) "'
for x &100

2(d2/4C2 c

anomalous skin effect diffuse surface scattering,
x&1

anomalous skin effect specular
surface scattering

aHere o is in mho/cm and frequencies are in wave num-
bers v(cm ~) =(d/2rc.

"These are rough empirical formulas taken from
Reuter and Sondheimer. A& is peaked at a frequency

given roughly by v~(l+ 0.4@x).
'The x is a convenient dimensionless parameter. For

x«1 there is only classical skin effect.

10000 cm ' then shows a peak in 1 -R. This peak
is associated with excitations arising from an
inter band transition. The Kramers-Kronig
analysis of the spectrum shows a corresponding
peak in the real part of the conductivity, p . Pure
chromium also has a peak in 1 -Bnear 15000cm '.
We show in succeeding figures the conductivity
peak associated with this structure for many of
the samples. Accurate visible and ultraviolet
spectra are not available for the chromium alloys.
Our own rough measurements on some alloys show
that they possess the same features as chromium
with slightly shifted edges. Since most of the
alloys are more than 95%%uo chromium we expect
no new features in the spectra in this region.
Again, for the important antiferromagnetic struc-
ture near 1000 cm ', it is not critical how we
extrapolate above 15 000 cm '. We have extrap-
olated to pure chromium data above this frequency
for all samples.

D. Intermediate-Frequency Region

We now discuss the frequency region between
1/7' and the plasma edge where the antiferromag-
netic effects occur. Optical structure due to the

anomalous skin effect&8, &9 may also be present in
this region and we discuss this effect first. Since
the anomalous skin effect is extremely difficult to
calculate we use a free-electron-gas model to
estimate the size of the effect. The details of
this analysis are given in Appendix A. In a metal
the optical field has spatial Fourier components
of wave vector q-1/5 where 5 is the skin depth.
In the intermediate-frequency region 5 becomes
quite small, typically a few hundred angstroms.
The optical field then has components with large
q and selects conductivity components at finite
q rather than at q = 0 as is assumed in the clas-
sical skin-effect regime. Figure 5 shows the
wave vector and frequency-dependent conductivity
for the free-electron model. From Fig. 5 we note
that 0 at any finite q looks like a Drude function,
i.e. , like o (q= 0, ~), but with increased collision
frequency and decreased oo. Considering classi-
cal skin-effect theory, such changes always
reduce the ref lectivity in the low- and intermedi-
ate-frequency regions (see Table II). Detailed
consideration of the anomalous skin-effect theory
for chromium (see Appendixes A and B) shows
that there can be a reduction in A but of less than
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FIG. 5. Wave vector and frequency-dependent con-
ductivity spectrum of an electron gas. For normal skin
effect the conductivity along q

' l = 0 is sampled. In the
anomalous-skin-effect regime conductivities at finite q
become important in determining the ref lectivity.

FIG. 6. Reflectivity spectrum of chromium at 300 K.
Since spectra at 320'K showed no difference we regard
this spectrum as typical of the paramagnetic phase. The
solid curve shows the conductivity obtained by Kramers-
Kronig analysis.

1/o. This depressed ref lectivity is not localized
but occurs over at least a decade in frequency.
By comparison the antiferromagnetic absorption
is much more localized in frequency and generally
causes a 3% dip in ref lectivity. For these rea-
sons we can use classical skin effect in all our
data analysis. The limitations this procedure
p]aces on our accuracy in obtaining v'(~) are
discussed in the Appendixes.

Figure 6 shows 1-R for chromium and the
real part of the conductivity obtained by the
Kramers-Kronig analysis assuming classical
skin effect as discussed above. Figure 7 and
some of the succeeding figures show the spectra
of pure chromium below the transition tempera-
ture and the spectra of several alloys analyzed
in the same manner.

IV. RESULTS AND DISCUSSION: PURE CHROMIUM

A. Antiferromagnetic Part of Conductivity

Figures 6 and 7 show spectra of pure chromium
at 300 and 80'K. The major temperature-depen-
dent features are a peak in o which appears near
1000 cm ' and the reduction in 0' below 500 cm '.
These two features appear together when the sam-
ple is cooled to 80'K. These features are de-
tectable at 200'K, barely detectable at 273'K but
are undetectable in spectra taken at 300 and
373'K (not shown). A small additional peak in
o. at 600 cm reported earlier' has been found

to be a spurious instrumental response.
We wish now to isolate the antiferromagnetic

part of the optical absorption, 60 . This proce-

IO'

IO

E0
0
E
b

IO

cr
T"-800K

X- IO
xx

X

+I+
+ +0

I-R

IO

IO

IO

IO IO IO

FREQUENCY (Cm-I)

Io-'
IO'

FIG. 7. Spectrum of antiferrornagnetic chromium.
Note the dip in R (peak in 1 —R) at 1000 cm . This dip
produces the antiferromagnetic absorption peak seen in
0 ~

dure is explained in some detail here and it
applies to all the pure samples and alloys also.
Appendix B discusses the actual form of the
dispersion of the conductivity in pure chromium;
here we wish only to isolate the antiferromagnetic
part of 0 with as few assumptions as possible.
The problem can be visualized with a simple ide-
alized model. If an energy gap opens up over
part of the Fermi surface then free carriers
which were participating in the intraband conduc-
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tion are frozen in on these parts and no longer
contribute. For high enough photon energies they
may again contribute by participating in transitions
across the new gap that has appeared. There is,
of course, a sum rule on the real part of the con-
ductivity which ensures that new transitions must
appear if we lose intraband conductivity. Figure
8 shows a highly idealized situation where the dc
conductivity drops to half of its original value
below T„.The spectrum of 0 is taken to be of
Drude form and v is assumed not to change so that
the entire spectrum falls to half its original height.
The energy gap which caused thedrop in 0 has
width h~, so that new transitions appear above

For the situation in Fig. 8(b), it is obvious
how to isolate ho . In this example cr' had Drude

form below 4o~. This can be fitted to and extra-
polated above ~~ and subtracted to leave the peak
shown at the right-hand side of Fig. 8(b).

In real chromium, 0 is not of Drude form, thus
it is difficult to separate out theoretically the
free-carrier part. W'e proceed by assuming that
at 300 K all absorption below 2500 cm ' is free-
carrier absorption. At 80'K we assume that the
free-carrier part is just o (300'K) times a con-

stant scaling factor C. The antiferromagnetic
part of the conductivity is calculated from

Ao' = o'(80'K) —Co (300'K).

Figure 9 shows the details of the subtraction and

the resulting ho for C=0. 45. In Fig. 9(b) Acr is
shown on a linear scale with uncertainty bars
corresponding to our uncertainty in choosing C.

IO

E
O
0
E
b

IO'

IUM

I

IO
3 r tCm-I) IO Io'

6000
M 800K

ROMAGNETIC PART
UCTIVITY

E 4000
O
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400 IOOO
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I I I

2000 3000
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FIG. 9. Subtraction procedure for 80'K conductivity
spectrum. Top of figure shows background (dashed) to
be subtracted as well as uncertainty limits. Lower
figure shows resultant antiferromagnetic part of con-
ductivity. The dot-dashed extrapolation at high fre-
quencies is thought to be the most realistic shape for

We have considered C = 0.45 + 0. 06. This choice
corresponds to making ~o. go to zero somewhere

a)

T 0 TN

2

p 2 fTl

T& TN

ne 7/rn
I+GJ T

7r ne

FIG. 8. Model spectra of a simple
antiferromagnetic metal. (a) Para-
magnetic conductivity spectrum has
f-sum value of ~ne /2m. (b) Anti-
ferromagnetic spectrum has peak at
the energy gap which accounts for half
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2'= 3, 5 kTN

The conductivity spectrum is

(2)

4e k3z ~ tanh(hv/4kT)
3mmk ~~ [(k~)2 (2a)~]'~2 (3)

for Ikv I & (2&). k~ is the radius of the electron
and hole Fermi spheres. At very low tempera-
ture Eq. (3) simplifies to

&o'-1/(u'[(k(o)'-(260)']'",
~

5'~
~

&2m, . (4)

Equation (4) contains a density-of-state factor
familiar in superconductivity times an r,,&- factor
which arises from evaluating the momentum mat-
rix element between states above and below the

gap (cu ) and converting this matrix element to
conductivity (~ ').

The Fedders-Martin model has a threshold and
infinite peak in ~0' at 5+ = 2~ at all temperatures.
With increasing temperature the gap absorption
threshold remains sharp and decreases in energy,
disappearing at a second-order transition at 7„.
The functional form is shown by a dashed curve
in Fig. 10. Figure 10 also shows the measured
absorption peaks at several temperatures. The
BCS curve obviously lies too low. The theory
also fails to explain the width and rounding of the
observed absorption peak. Figure 11 shows the
observed antiferromagnetic absorption at T = 200

in the frequency range 350 to 600 cm '. We em-
phasize that while the area under &o [(Fig. 9(b)] is
sensitive to the subtraction procedure, the absorp-
tion peak frequency is not. For most spectra the
uncertainty in the frequency of the peak in ~0 is
less than 5%.

For frequencies above 2500 cm ', the conduc-

tivity at all temperatures is dominated by an in-
terband contribution which is peaked near 15 000
cm- '. Obviously in this region. the subtraction
procedure is invalid, These high-energy tran-
sitions come from regions of the energy bands
which are unaffected by the energy gap. The dot-
dashed line in Fig. 9(b) indicates a reasonable
extrapolation to correct the subtraction procedure
at these high energies.

B. Energy Gap

Figure 9(b) shows the experimentally determin-
ed conductivity (absorption) associated with exci-
tation across the SDW energy gap. Fedders and

Martin have carried through calculations for per-
fectly nesting spherical electron and hole bands.
They obtain a BCS-type integral equation for the
antiferromagnetic state. In this model the energy
gap 2+ at zero temperature is related to the tran-
sition temperature by the BCS relation

'K. The peak has moved lower in energy, and
shows more rounding than the 80'K data. The
area under the curve is also reduced. There is
relatively more uncertainty here in determining
the area since the structure is less sharp and has
moved lower in frequency where the free-carrier
background is larger. The position of the absorp-
tion peak remains quite well defined, however,
as indicated by the uncertainty bars in Fig. 10.

(000-
5.5kTN

800—

BCS GAP

8 600-
LLI

CHROMIUM

ABSORPTION PEAK

RY
—0.(5

C9
—0.)

400— - 0.05

200-

IOO 200
TEMPERATURE K

i I

300~T

FIG. 10. Frequency of antiferromagnetic absorption
peak as function of temperature. The points show the
experimental results. For temperatures above 200 'K
a peak is no longer discernable. The solid curve is the
theoretical calculation which includes electron-phonon
scattering.

C. Absorption Strength and Sum Rule

Figure 12 shows the dc resistivity of a single-
crystal sample of chromium. This sample was
cooled without a magnetic field so that a single
antiferromagnetic spin-density wave (single Q
state) is not obtained. Arko, Marcus, and Reed
have studied the resistivity for samples in a sin-
gle Q state. The results shown in Fig. 12 for a
random collection of domains may be more ap-
propriate for comparison with our optical data
since, except for one or two runs, no attempt was
made to obtain a single Q-state sample. Figure
10 shows that the resistance rises as the sample
is cooled through the transition. This rise is
associated with the freezing out of some carriers
on the Fermi surface and (perhaps) with a change
in the scattering lifetime of the remaining free
carriers. Further cooling gives a net drop in
resistivity because of the decrease in phonon
scattering. McWhan and Rice have been able to
measure the fractional increase in resistivity at
low temperatures by suppressing the transition un-
der high pressure. " Their results (Fig. 12) sug-
gest that ~/p approaches 0. 3 at low tempera-
tures. We wish now to compare this figure of 0. 3
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with the integrated optical absorption using the
sum rule. Table III shows the integrated conduc-
tivity from dc to 2000 cm ' (where free carriers
become less important than interband transitions).
The f-sum value (A in Table III) suffers from
quite large uncertainty because although we know
g' (a& =0) there are no measurements of o' for 0
& + & 300 cm-'. The uncertainty quoted was deter-
mined by assuming various reasonable shapes for
o' in this region. Table III shows that the inte-
grated conductivity in the antiferromagnetic peak
at low temperatures is about~of the total inte-
grated o'. We conclude therefore that about —,

' of
of the carriers (—, of the Fermi surface) is invol-
ved in the formation of the gap. This figure is to
be compared with 0. 3 from the work of McWhan
and. Rice ' and 0. 5 from measurements of the
electronic specific heat. Table III shows that
the integrated absorption in the antiferromagnetic
peak falls somewhat at 200 'K. Runs at 20 'K are
essentially the same as at 80'K so that the 80 'K
data can for most purposes be regarded as describ-
ing the T=O case.

In Table III we also show the total value for the
sum rule assuming 6 e/atom. This value is 85
times larger than our free-carrier term A, i. e. ,
we have accounted for only about~ of a carrier
per atom in integrating our data from 0 to
2000 cm . While we would not expect to attain
the total f-sum value the result is surprisingly
low. We can make two comparisons here. In
aluminum we expect 8 e/atom. The energy bands
in aluminum are quite free-electron-like over
most of the Fermi surfa, ce. It is found integrat-
ing the conductivity over only the Drude part gives
2. 1 e/atom. '8 The total conductivity includes an

interband part beginning near 1 eV. On integrat-
ing the total conductivity, it is found that the sum
rule begins saturating at 2. 6 e/atom above 10 eV.
Thus, for this free-electron-like metal integrat-
ing o' even up to 10 eV does not give the expected
sum- rule value.

A second and perhaps better comparison can be
made with tungsten. Here we have d bands simi-
lar to those we expect in chromium. Juenker et
al. have evaluated the interband sum rule in the
range 1-25 eV (8000-200 000 cm- ) for tung-
sten. They find that the integral rises due to
three broad conductivity peaks near 5, 12, and 17
eV accumulating an integrated value of roughly
6 e/atom in this range. Taking the known dc con-
ductivity, assuming a Drude form, and estimating
&u, = 250 cm ' we obtain theoretically f n,„&,o d+
=0. 5 e/atom. Thus, most of the sum-rule con-
tribution comes not from the low-frequency Drude
region but from the energy region well above the
collision frequency. In passing from tungsten to
chromium, the d bands become narrower and the
wave functions more localized so that the beha-
vior is even farther removed from the free- elec-
tron model. Gf course, the closer the approach
to flat narrow bands, the larger the effective mass
leading to a smaller f-sum contribution from the
intraband conductivity. It is apparent from these
comparisons that the d bands of chromium cause
considerable shift of the weight in the f sum to
energies well above the 4-eV limit of our spectra.

D. Theory Including Electron-Phonon Coupling

A complete theory of the occurrence of antifer-
romagnetism in chromium must involve the band
structure and the wave-vector-dependent inter-

Total "free-carrier" conductivity
T=300'K

Antiferromagnetic absorption peak
T= 80'K

T= 200 oK

TABLE III. Conductivity sum rules.

Experimental
200p

A= o'dv=34x106 (mho/cm) cm +15%
0

4ppp
M' dv=9.7x10 (mho/cm) cm '+15%

4pp

4ppp

C= eh&' dv=5. 0x10 (mho/cm) cm '+15%
4pp

Fraction involved in & p ~p

gap formation &=8P 'K

f sum over entire experimental range
(data in Table V)

T= 300'K

73p ppp

J
o' dv =1.8x 10 (mho/cm) cm '

p

Theoretical

n = 0.083 x 10 4 atom/cm x 6 e/atom = p.5 x lp" e/cm

J o' dv =~ne2/2m=11. 7x10 (mho/cm) cm '=2.0 x1032 sec-r(esu)
p
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action between the carriers. The Fedders-Mar-
tin model based on a wave-vector-independent
interaction and perfectly nesting Fermi spheres
leads to the BCS value he~/kT„= 3. 5 and an in-
finite peak in the conductivity [Eq. (3)]. The con-
ductivity peak in chromium will be rounded by
variations of the magnitude of the gap over the
Fermi surface. Such variations are controlled
by the wave-vector dependence of the interaction,
and are therefore difficult to estimate theoreti-
cally. It is expected, however, that they will be
small.

In addition the bands in chromium do not ex-
hibit perfect nesting which will cause a renormal-
ization of the ratio h&o~/kT~ away from 3. 5 Kim-

ball and Falicov, Liu, and Rice" have

studied the renormalization of this ratio for
various model band structures. They obtain val-
ues which depend on the model parameters but

which are generally greater than 3. 5. A third
effect which rounds the conductivity peak and re-
normalizes Ku&~/kT„ is electron-phonon scattering.
Halperin and Rice have considered the effects of

phonon scattering on the Fedders-Martin mod-
el. "~ Physically, we can picture the phonon

scattering as smearing the Fermi surface and

causing random electric fields in the lattice.
Since the antiferromagnetic state is stabilized by
the attraction of electron-hole pairs, the electron

phonon interaction provides a depairing mecha-
nism. Using an estimate of the electron-phonon
coupling parameter appropriate to chromium, Hal-
perin and Rice find a broadening of the optical ab-
sorption and a renormalization of K&u~/kT„ from
3. 5 to 5. 2. We make some comparisons with this
theory realizing, however, that band-structure
effects which are neglected may also be important
and certainly must be incorporated to understand
the optical data of the commensurate chromium
alloys.

Figure 13 shows the antiferromagnetic absorp-
tion calculated at T= 0 using the phonon coupling
theory of Halperin and Rice. ' The theory has
one free parameter which is chosen to give the
theoretical curve the same integrated area as the
experimental curve. The agreement is very
pleasing both as to peak position and peak shape.
Once the scaling parameter has been fixed, cal-
culations of Ao (theory) can be carried out at other
temperatures. The dashed curve in Fig. 11
shows a calculation at T = 200 'K. Experimen-
tally, the peak (solid curve Fig. 11) has shifted
to lower energy, has developed a more rounded
top, and has lost about half of its area compared
with the 3oo 'K peak. The theoretical curve with
no adjustable parameters gives very reasonable
agreement for the shift and rounding but predicts
only a 12%%ug decrease in area.
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E. Anisotropy

Figure 14 shows schematically the formation
of domains in a chromium sample when it is cool-
ed. It is known that domains form with Q along
various (100) directions of the originally cubic
crystal. If a large magnetic field Ho is present
during cooling, the sample can be made single
domain. The electronic properties of single do-
main samples are anisotropic since the electron-
ic symmetry is tetragonal. In a single-domain
sample the low-temperature dc resistivity is
typically 35/c higher for the measuring current
I parallel to Q compared with the case of $ & Q. 20

We picture gaps forming on pieces of Fermi sur-
face whose velocity vectors are predominantly
along Q. The opening of these gaps for T& T„
then removes more intraband conductivity for
I II Q Because of weak couplings between the
electrons and the lattice, the lattice parameters
also show a very slight deviation from cubic sym-
metry. Recently, small orthorhombic and tetra-
gonal distortions of the lattice parameters have
been found for single-Q chromium samples.
These distortions are a few parts in 10 and had
not been detected in earlier measurements. For
T &122'K the sample is tetragonal with c/a &1

and with the c axis along Q.
Since energy gaps open on energy surfaces with

velocity vectors principally along Q, the infrared

absorption peak should be strongest for the infra-
red electric field E parallel to Q. Two experi-
ments have been carried out to test this anisotropy.
First a rectangular sample was prepared with
( 100) axes parallel to its edges (Fig. 14). This
sample was cooled in a field of Ho= 25 kOe per-
pendicular to one flat face. A ref lectivity spec-
trum was measured for this face at T = 8o 'K
(see E~ in Fig. 14). Next the sample was heated
above T~ and cooled with Ho in a plane face.
Spectra were then measured with the polarizations
E2 and E3 (Fig. 14). There was no measurable
difference between any of these spectra. We can-
not easily abandon arguments for anisotropy be-
cause the bulk dc conductivity was found to be
10—

20%%uo higher for the Es geometry at 80'K Be-
cause the f-sum integral (Table II) must be con-
stant, the anisotropic dc conductivity must be
compensated by a frequency region with reversed
anisotropy in the optical conductivity. It there-
fore seems reasonable to postulate that at least
for about the first 200 A near the surface (the
infrared skin depth), the Q vector behaves differen-
tly than in the bulk. It is known that the Q vector
is sensitive to strain. The presence of the free
surface might therefore force Q into a special
direction with respect to the surface which can-
not be altered by a 25-kOe magnetic field.

A second experiment was carried out with no

CHROMIUM T C& Tg

f00 ~
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SINGLE DOMAIN

QQN4~

0
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E 6000- T = 804K

FIG. 14. Schematic picture of a
polydomain and a field-cooled single-
domain chromium sample. Beflec-
tivity spectra were measured for the
polarization E(, E2, and E3. The lower
part shows a polarization study of a
polydomain sample for two distinct
crystal faces.
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magnetic field present. A sample was cut as
shown in the lower part of Fig. 14 to expose a
(110) face. Because of the nesting property for
the bands in chromium the Q vector must lie along
a (110) direction. We have studied the two polar-
izations E4 [~ [001] and Et [I [110]. A stronger ab-
sorption peak was detected for E4 ~I [001] (see Fig.
14). Since a cubic crystal would show identical
spectra (the dielectric ellipsoid is spherical as-
suming normal skin effect) this confirms the an-
isotropic nature of chromium below T&. The fact
that the strongest absorption was found for E4 sug-
gests that near the surface the Q vector is con-
strained to lie in the surface. Figure 14 shows
that to within 10% the peaks occur at the same en-

ergy. This result serves as additional confirma-
tion that the gap is reasonably independent of wave
vector.

V. RESULTS AND DISCUSSION: CHROMIUM ALLOYS

A. Resistivity

Resistivity measurements on the alloys gener-
ally gave curves of the shape shown in Fig. 12.
Often the cusp at the transition was rounded to the
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ature dependence of the ref lectivity near the gap energy.

extent of a few degrees. The temperature of this
cusp is quoted as T„in Table I. The resistivity
of Cr(Fe) behaves quite differently than the other
alloys. ss The 3% iron sample (Fig. 18) shows an
abrupt vertical jump in resistivity of 40% when
cooled through 254 'K. Because of the anomalous
properties of Cr(Fe) we discuss it separately be-
low.

In addition to measuring p(T) in order to deter-
mine T„in the alloys, some careful measurements
of p were made at certain fixed temperatures.
Vedernikov has reported on the anomalous beha-
vior of Cr(V) resistivity. s As V is added to Cr
typical alloy behavior suggests that the resistivity
should rise (Matthiessen's rule). At room tem-
perature pure Cr is already below T„,therefore
it has an increased resistance due to the presence
of the gap. As V is added, T„ofthe alloy is de-
pressed below room temperature removing the
gap. We except therefore a drop in p with in-
creasing V content and finally a rise as Matthies-
sen's rule takes over, once the gap is removed.
Using this argument, we can understand qualita-
tively Vedernikov's result for Cr(V) at 298 K
shown in Fig. 16. He finds, however, much the
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same result at 500 'K where all antiferromagnetic
effects should be absent. We have checked some
additional alloys which lower, and some which
raise, T„to compare with Vedernikov's work.
Figure 14 shows our points as well as his curves.
At 374 and 450 'K for Cr(V) we confirm Vederni-
kov's result at low concentrations but find that p
has recovered considerably from its minimum by
the time 1.2/o concentration is reached. We have
also measured a Cr(Mo) alloy. Unlike V, Mo has
the same valence as Cr. Mo does depress TN,

however, and pure Mo has a room-temperature
resistance quite close to that of pure V. The
resistance of our Cr(Mo) sample lies well above
the curve for V confirming the unique behavior
of Cr(V).

The behavior for alloys with more electrons
than pure chromium is qualitatively quite reason-
able. For the two lower temperatures shown in
Fig. 16 there is a sharp rise on adding 0. 25% Ru
as the alloys are "more antiferromagnetic" than
pure Cr and hence exhibit increased resistance
due to T/Tz being smaller than for pure Cr. The
points for Cr(Mn) follow a similar pattern. At the
two higher temperatures they are not much higher
than for pure Cr probably reflecting Matthiessen's
rule.

The Cr(V) resistivity stands out as being some-
what unique though there is some p depression for
Cr(Ti). ~~ Vedernikov has noted the possibility of
decreased s-d electron scattering causing the re-
duced p in Cr(V). We mention here another pos-
sibility —precursor effects associated with the
antiferromagnetism. Figure 12 shows that in
pure Cr a reasonable extrapolation of the resis-
tance in the paramagnetic phase (dashed line) sug-
gests extra resistance in Cr at least 25'K above
T„.Viewed as a pure Cr effect the Cr(V) results
in Fig. 16 imply an extra contribution to the resis-
tance in pure Cr of about 20cm at 300 'K decreas-
ing to 1 Qcm at 500'K. This is a large effect and
it questions the validity of weak coupling models
in spite of their successes in explaining other prop-
erties. Als- Nielsen and Dietrich have studied
low-energy magnetic excitations (spin waves) in
chromium and in a Cr(Mn) alloy. So Their neutron
spectra show that the magnetic excitations change
very little on raising T through TN. These ex-
citations were detected up to at least T/T„=1.5

confirming the presence of magnetic effects per-
sisting far into the paramagnetic phase.

B. Low-Temperature Absorption and Energy Gap

As discussed earlier, dilute alloys of chromium
with elements nearby in the atomic table are anti-
ferromagnetic at low temperatures. Alloys have
been studied (Table I) with transition temperatures

in the range 200-580 'K. Figures 17(a) and (b)
show the absorption peaks associated with the tran-
sition. For each sample a small bar and a larger
flat sample were prepared from adjacent slices
of material. The resistivity of the bar was used
to determine T„.Samples with T„&370'K could
be measured optically above and below T„.These
samples showed absence of peaked optical struc-
ture near and above TN as expected.

The alloys with electron-per-atom ratios less
than chromium generally show broad absorption
peaks at energies somewhat lower than that of pure
chromium. Those with much higher electron-per-
atom ratios show higher-frequency peaks which
occur on the ref lectivity edge near 3000 cm ' in
some cases. Figure 18 shows this effect in 1 —R
in detail for chromium with manganese. This fig-
ure should be compared with Fig. 6.

Figure 19 shows the frequency of the absorption
peak plotted against transition temperature. As
in the case of pure chromium, the peaks are broad
and the best defined feature is at & where the
maximum in ~0 occurs. For the simplest BCS
theory discussed earlier all points should lie on
the line S~ = 3. 5kT„. For pure chromium the
electron-phonon interaction theory gives renormal-
ization of v~ and T„sothat 5~~ = 5. 2kT„.We find
that many of the low T„alloys lie near the empiri-
cal line Ace~=5. 1kT„which passes through the
pure-chromium point. The samples with T„
& 450 'K give peaks well above 5. 1kT~ up to T~
= 550 'K. The last two samples with the highest
values of T& show a rapid drop in peak absorp-
tion frequency. To understand and discuss the
alloys further we next consider the commensurate-
incommensurate transition.

C. Commensurate-Incommensurate Transition

Chromium alloys with transition temperatures
well above 312 'K generally have a commensurate
rather than the incommensurate (or oscillatory)
SDW structure of pure chromium. Figure 19
shows that these antiferromagnets have high-en-
ergy gaps which do not scale with TN. Three of
the alloy samples [not counting Cr(Fe}]are known
to exhibit both types of spin structure with a tran-
sition between them at T„(seeTable I and Fig.
2}. These three samples appeared to have two
energy gaps in the present study; a low-energy
gap for the incommensurate phase (T & T„)and a
higher-energy gap for T„&T & T&. Both gaps are
included in Fig. 19. In each case the conductivity
peaks associated with one of the gaps are quite
weak; for Cr(0. 003 Ru) the high-energy gap and
for Cr(0. 0065 Ru) the low-energy gap must be as-
signed with some reservation. In Cr(0. 0065 Ru)
particularly there is only a slight flattening in its
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spectrum of R~ near 1150cm-' for T = 25 'K indi-
cating a very weak absorption peak. Unlike the
two other alloys, this possible low-energy gap
appears while the very strong high-energy gap
absorption (co& ——8200 cm ') remains present.

The Mn alloy exhibits both gaps most clearly.
At the lower temperatures (T = 25 and 80 'K) only
the low-energy gap appears at +&=1150cm '. At
300 and 370 'K only the high-energy gap is present.
At 200 'K, however, there is evidence of both
gaps in what is nominally the commensurate phase.
(We estimate T„=60'K from the known Mn con-
centration. ) The persistence of both gaps at the
same temperature was at first thought to be the
result of composition fluctuations across the face
of the reflecting surface. Arrott et al. have found
+ 20% variations in the alloy composition over dis-
tances of

,

'50 p, in their Cr(Fe) samples. " An elec-
tron-beam microprobe experiment was done on
our Cr(0. 01Mn) sample. The 1-g-diam electron
beam was used to excite Mn x-ray fluorescence
and this signal was monitored as the beam was
scanned over various parts of the sample surface.
The signal was found to remain constant to + 5'%%uo

which was the noise level. It is estimated that
variations larger than+ 50/o would be needed to
cause both gaps to appear at 200 'K in the Mn

sample. It must be noted that the rounding of the
resistivity cusp at T = TN in this same sample
suggests quite small composition inhomogene-
ities —more like the+ 5% deduced as an upper
limit from the microprobe scan. The Cr(0. 008 Ru)
x-ray signal was too weak for meaningful micro-
probe scans to be made. The rounding of the re-
sistivity cusp suggests + 20% composition fluctua-
tions inthis sample. Such fluctuations are too
small to allow both phases to be present at 80'K,
A simple interpretation, however, in terms of two
spin-density waves being present simultaneously
appears difficult. The energy band deformation
caused by the commensurate SDW must strongly
modify the smaller energy gap caused by the in-
commensurate SDW. This would shift the small-
er gap away from 5. 1k'T„which contradicts our
data. Before leav&ng the alloys with two gaps,
there is one additional feature to be discussed.
The low-energy gap in three of the low-concentra;
tion alloys [Cr(Mn) and Cr(Ru)j is associated with
an incommensurate SDW. It is important to real-
ize that the Neel temperature listed in Table I is
measured by the resistivity anomaly at high tem-
peratures near T„.For these alloys TN marks the
transition from the paramagnetic to the com-
mensmate SDW state. By applying pressure
(P) it is possible to force these alloys to first
enter the incommensurate state on cooling. The
new T„(P)may be extrapolated to P= 0 to obtain

the hypothetical transition temperature for the
incommensurate state. " In Fig. 19 we show
with arrows the replotting of the gaps to corre-
spond to this more appropriate Neel tempera-
ture. The replotted points agree reasonably well
with the curve I&~ = 5. 1kTN passing through pure
Cr. We conclude that for the incommensurate-
antiferromagnetie state the gap (absorption peak)
follows S~~ = 5.1kTN quite well.

If we regard the values of T„»dT„asanom-
alous in Cr(Fe) a rough pattern emerges for the
alloys. We find that all of the gaps are large for
commensurate alloys, with Cr(0. 15 Re) perhaps
coming near some limiting behavior with the gap
beginning to decrease with additional diluent. The
gap behavior shown in Fig. 19 may be qualitative-
ly understood as follows. At low T~ the antiferro-
magnetic alloys are incommensurate. In forming
the antiferromagnetic phase the electron and hole
pockets are coupled by a SDW of wave vector Q
such that two parts of the Fermi surface are
matched or nested. Q is slightly less than half
the reciprocal-lattice vector G. A dimensionless
measure of the incommensurate wave vector is

5 = (2 5—Q)a/2m= 1 —aQ/2m. (5)

For pure chromium 5 = 0. 05 at low temperatures.
In the incommensurate structure where there is
good matching over an area A, the BCS-type the-
ory is appropriate. Using the rigid-band model
we start in pure chromium with the electron Fer-
mi surface smaller than the hole surface. In-
creasing the e/atom ratio above 6. 0 increases A.
T„and ~~ increase with A, and ~~ c T~. Near
T„=320'K, 5 has dropped to 0. 03. Further
increase in e/atom ratio causes an abrupt transi-
tion to 5=0, the commensurate state. For this
new state to be stable there must be an energy
gap of magnitude at least

Eg= O. 03— (6)
a ek

where &E/sk is an average slope of the energy
bands at the Fermi surfaces being matched. A
rough estimate of SE/ak' gives E,= 2500 cm ',
somewhat lower than the observed absorption
peaks (3500-4000 cm '). If we assume that the
rigid-band picture continues to hold, increasing
the e/atom ratio further must finally favor the
incommensurate structure again. At this concen-
tration we might expect the gap to revert to

Atop - 5. 1A TN .
Rice and Halperin have discussed the commen-

surate- incommensurate transition with a model
consisting of spherical electron, and hole pockets
whose relative size can be varied. Their model
can be simply visualized as an extension of the



OPTICAL STUDIES OF ANTIFERROMAGNETISM

Fedders-Martin model to include the effects of
varying the e/atom ratio within the rigid-band
approximation. They include a third pocket of
carriers to represent the nonmagnetic part of the
Fermi surface. With an equal concentration of
carriers in the nonmagnetic and magnetic pockets
(the case appropriate" for Cr) when the electron
pocket radius is increased, so nesting is no longer
perfect, T„drops monotonically but the gap re-
mains constant. At a critical radius there is a
first-order transition to the incommensurate state
at low temperatures. " The gap drops abruptly and
then both T~ and hco, drop monotonically as the
electron radius continues to increase. The re-
sults of this model are qualitatively in agreement
with the main experimental results. In the com-
mensurate phase (Fig. 19) the gap is approximately
independent of transition temperature with the
absorption maximum near 3500—4000 cm '

(h&u~

-0.43-0.50 eV). At the commensurate-incom-
mensurate transition there is an abrupt drop in
energy gap below which T„and k~~ both decrease
maintaining the ratio 5.1. The Rice-Halperin
model, however, is too crude to allow a quanti-
tative comparison with the experiments. The im-
yortant experimental result is that in the com-
mensurate phase most samples show a constant
gap with maximum absorption near 3500-4000 cm '
(km& 0.43-0. 50 eV).

D. Chromium-Iron Alloys

The Cr(0. 03 Fe) sample shows an anomalous
40'%%ua jump in resistivity when cooled through 254 K
(Fig. 15). Similar behavior has been observed by
Arajs and Dunmyre. There is a 2 'K hysteresis
in this jump when the sample is heated. Arrott
et al. and Ishikawa et a/. have studied neutron
scattering for several Cr(Fe) samples. ' ' " Com-
parison with their work suggests that our samples
have entered a commensurate antiferromagnetic
state at 245 'K. The nature of the phase just above
254 K is not clear, however, the Neel temperature
may be 20 'K higher though no sign of it shows up
in the p(T) curve. " This estimate of T„is based
on the phase diagram shown in Fig. 2 and must be
regarded as tentative since there is conflicting
data on the phase boundaries in Cr(Fe).

The neutron diffraction studies have shown anom-
alous behavior for Cr(Fe) alloys. '4~" The addition
of iron increases the e/atom ratio and should
stabilize the antiferromagnetic phase but, in re-
ality, T„decreases. The fact that iron possesses
a local moment may explain this fact.

The Cr (Fe) alloy absorption peak occurs at
3150 cm ' at 80 'K. The pha, se diagram (Fig. 2)

suggests that the sample is commensurate at this

temperature. Our observed gap energy is quite
high and very similar to value to the other com-
mensurate alloys. For the Cr (Fe) alloy we have
used the temperature of the large resistivity dis-
continuity at 254 'K as a characteristic tempera-
ture in plotting the point in Fig. 19. The point
would lie closer to the other commensurate alloys
if a higher T„wereused. It may be significant
that a smooth extrapolation of the magnetic mo-
ment from well below 254 'K to the temperature
where the moment would go to zero in the absence
of the transition at 254 'K suggests a value for T„
well above 300 'K.

The sum-rule arguments used to discuss the
strength of the absorption peak in pure Cr suggest
that the abrupt and large resistivity jump in Cr(Fe)
(Fig. 15) will have associated with it an abruntlv
appearing and strong energy gap peak (ho ) as the
alloy is cooled through T= 254 K. We have mon-
itored the optical ref lectivity at two wavelengths
while heating through the transition. Figure 15
shows one such temperature scan. Contrary to
expectations the ref lectivity rises rather smoothly
showing no abrupt behavior near 254'K. The
abrupt change in dc resistivity must therefore be
associated with changes in the conductivity spec-
trum well below our frequency range. The ob-
served gap probably is associated with the more
gradual rise in p (dc) below 254 'K.

The observed Cr (Fe) absorption fits in with the
conclusions of Sec. VC. The transition temper-
ature is anomalous probably because of the local
moment. The gap energy is in the range charac-
teristic of all the commensurate alloys and must
arise from the locking in of the SDW wave vector
to —,

' G so that Eq. (6) is operative.

E Discussion

Recently Bos et a/. have measured the absorp-
tion in a series of Cr(Mn) samples. ~2 They mea-
sure A = 1 —8 directly at helium temperature.
Using estimates for T„wehave added their four
points to Fig. 19. These points also confirm the
jump in gap at the commensurate-incommensurate
transition. There are also indications of two gaps
in some of their samples. ' These authors find
a gap near 4300 cm ' for Cr (0.045 Mn) which is
higher than any gap measured in the present study.
As mentioned earlier our Ru and Re alloys with the
highest transition temperatures are probably ap-
proaching some kind of limiting value for the gap
energy. We note, however, that Cr (Mn) shows
little sign of saturation in its T„-versus-concen-
tration curve even up to G%%uo Mn. '2

There are two interesting questions which are
associated with our optical techniques. In all
optical studies of metals there is the problem of
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whether the measurements are influenced by
specifically surface p', .-operties. We have already
discussed the anomalous- skin- effect problem. In
addition there is the question of whether T~ is the
same near the surface as for the bulk, and whether
the Q vector and the magnetization vector of the
SDW are restricted or pinned near the surface.
From the experiments (Fig. 10) an extrapolation
shows that T„ofthe surface is probably within
50 deg of T„(bu Ik). We have already seen that
the thermal smearing prevents resolution of the
optical gap near TN, so a more precise measure-
ment of T„(surface) cannot be extracted by our
present methods.

The question of Q near the surface has only been
partially studied because of the restricted value of
magnetizing field available (25 kOe). With larger
fields it may be possible to shift Q perpendicular
to the surface and measure the energy necessary
for this shift. We do conclude that there is some
pinning of Q near the surface. We have seen no

effects connected with the transverse to longitudi-
nal SDW transition. Since this transition is hardly
detectable in the resistivity we can expect any as-
sociated optical effects to be weak in the infrared
region. From the observation of distinct com-
mensurate and incommensurate gaps we conclude
that both states occur near the surface, however,
as with the transition at TN, the transition temper-
ature T„may be shifted from the bulk value.

Finally we should emphasize the close tolerance
of the Fermi-surface nesting which is indicated by
the optical- absorption peak. Band structure
studies of the group-VI metals show d-band widths
of about 10 eV. The gap structure we observe is
sharp on this scale, being less than 0.15 eV wide
for the incommensurate alloys and less than 0.4
eV wide for the commensurate alloys. This shows
very close matching and probably indicates the
unique situation which occurs in chromium.

where the anomalous skin effect can be important
in chromium, ~ is greater than ~, the collision
frequency. For chromium the measured optical
conductivity falls approximately as ~ ' rather
than e 2 as predicted by the Drude formula in this
region:

o=o, i(1+i &v/(o, ). (Al)

To make o have the correct value (but not the
correct slope) we choose v, = 335 cm ' (Table
IV). We wish to check particularly possible ef-
fects near 1000 cm ' where the antiferromagnetic
absorption occurs. We consider two tempera-
tures or, more precisely, two values of the col-
lision frequency in the model; ur, =340 and 85
cm '. The effect of this choice on 00 corresponds
to real chromium at 300 and 120 'K.

Besides the parameters 00 and (d, required in
the classical theory we need the Fermi velocity
or some equivalent additional parameter to eval-
uate the anomalous skin effect. Table IV shows
the parameters adopted for these test calcula-
tions. In Fig. 20 we plot o(v) for the parameters
of Table IV. Also plotted are the mean free path
l and the classical skin depth 5, where

(A2)

(X is the optical wavelength and k is the imaginary
part of the index of refraction). At the higher
temperature (~,= 340 cm ') we find l ( 5 over the
entire frequency range and the anomalous skin-
effect correction to the ref lectivity is negligible.
When co, = 85 cm ' Fig. 20 shows that 5 & l over a
considerable frequency range. In this range we
must consider nonlocal effects.

Using the parameters in Table IV we calculate
Ao = 1 —Ro the absorptivity using anomalous skin
effect with diffuse reflection of electrons at the
metal-air boundary. This calculation is conve-
niently carried out using the tables given by
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APPENDIX A: ANOMALOUS SKIN EFFECT

In this section we study the possible influence
of the anomalous skin effect on the ref lectivity
of chromium. As mentioned in Sec. III D we use
a free- ele ctr on (Drude) model for chromium to
simplify the analysis. In much of the region

Parameter

0.
0 dc conductivity

co~ collision fre-
quency

g& Fermi velocity
l mean free path
n electron density
Temperature of

chromium which
gives 00

~ parameter of
Table II

Unit

mho/cm
cm '

cm/sec

cm 3

K

Case 1

0.07 x 106

340

108
157

1.58 x 1022

300

0.10

Case 2

0.28 x 10
85

108
630

1.58x10"
120

1.7

TABLE IV. Free-electron model of chromium for
anomalous-skin-effect study.
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i"IG. 20. (a) Mean free path and

skin depth for a free-electron-gas
model. All parameters are given
in Table IV. For the low-collision
frequency (solid curve) 0 crosses
l giving anomalous skin effect.
(b) j. —R for the electron gas. For
~,= 85 we show normal skin effect
(R) and anomalous skin effect with
diffuse (Ro) and specular (R&) elec-
tron scattering. A Kramers-
Kronig analysis has been performed
on all the reflectivity curves assum
ing normal skin effect to obtain the
conductivity curves shown.

1-R

Ci

O
C3

~04

1-Rp

I —.OI

1-R

)0' )02 )0
FREQUENCY (cm-I)

)04



4398 A. S. BARKER, JR. , AND J. A. DIT ZENBERGER

Dingle. ' We now apply the Kramers-Kronig anal-
ysis to both R and Ro. The analysis of the R spec-
trum reproduces v[Eq. (Al}j used to calculate A,
serving as a check on our method of analysis.
The analysis of Ro yields the curve labeled o'(Ro).
This is the curve of interest. We note that o'(Ro)
at 120 'K is different than o '(R} but contains no
peak comparable to the antiferromagnetic peak.
We take the near identity of o'(R) and o'(Ro) to
justify the use of classical analysis of the re-
flectivity in chromium. Figure 20 shows that this
procedure is good to an accuracy of about 40% in o.

As an additional test we have also considered
the case of specular surface reflection of elec-
trons. Though it is generally believed that this
case does not apply to metals, it can give more
peaked structure since this type of absorption ex-
ists over a narrower frequency range. Figure 20
shows Ay = 1 Ry the absorptivity assuming spec-
ular electron reflection. The calculations were
based on the work of Reuter and Sondheimer.
o(R, ) determined by Kramers-Kronig analysis of
R& does contain a broad peak near 250 cm-' which
can only be resolved by plotting o'(R, ) —o'(R).
Two features rule out this type of skin effect as
being responsible for the experimentally observed
peak in chromium near 1000 cm-'. First, the
peak in o'(R, ) has a gradual onset of absorption;
it is not abrupt like the experimentally observed
absorption. Second, consideration of the temper-
ature dependence of &o, shows that the peak in o'(R, )
would decrease in frequency on cooling —opposite
to the observed antiferromagnetic peak in chro-
mium.

Returning to the Ao anomalous skin effect, we
have made additional checks such as doubling Ao,
and considering lower temperatures. The conclu-
sion is that the anomalous skin effect cannot cause
ref lectivity structure that can be confused with the
antiferromagnetic absorption. There may be
anomalous-skin-effect absorption present in the
low-temperature data; however, our classical
method of analysis is adequate in reproducing the
conductivity spectrum as long as we are satisfied
with an uncertainty in our conductivity scale of
about 40%. To fix the scale better than this would
require absolute ref lectivity measurements to
0. 1% and better in the region below 300 cm ' as
well as a different method of analysis.

APPENDIX B: OPTICAL CONSTANTS OF CHROMIUM

The optical constants of chromium can be de-
termined by a Kramers-Kronig analysis of the ex-
perimentally obtained ref lectivity. This type of
analysis has been presented above and is useful
in showing the appearance of the antiferromagnetic
peak at low temperatures. Unfortunately the anal-

ysis suffers from uncertainties due to the lack
of accurate ref lectivity values in the visible and
ultraviolet region and also due to the sensitivity
of the analysis to small changes in the input data.
As a check on the Kramers-Kronig analysis a
fitting procedure was also used. In this procedure
a Drude term and several I orentzian oscillator
modes have their parameters adjusted to fit the
ref lectivity. There are two advantages to this
procedure. First the modes always have a well-
behaved loss characteristic which falls off in a
reasonable manner outside the fitting range. This
is in contrast to the Kramers-Kronig analysis
which can give unphysical negative values of the
loss particularly at the high-frequency limit of the
data. Second, the modes can be described by a
few parameters which allows an automatic least-
square-fit procedure to be used. The fit proceeds
by evaluating (numerically) the derivatives of the
amount of misfit with respect to each parameter
and then the evaluation of corrective increments.
This procedure has been described in detail by
others. " Various starting parameters were tried;
the program always selected a Drude term plus
some very broad "interband" terms giving signif-
icant conductivity in the range 100-10000 cm
In addition one strong "interband" term with o'

peaked near 17 000 cm ' is also needed as is ob-
vious from the data in Fig. 6.

Band-structure studies of the column 6 elements
show that there are some band degeneracies along
certain directions in the absence of spin-orbit
coupling. ' In other directions in reciprocal space
these bands split. The spin-orbit splitting param-
eter for chromium is 300 cm '. These bands can
be the source therefore of low-energy interband
transitions near 300 cm '. Such transitions would
explain the ~-' (rather than Drude ~- ) frequency
dependence of o' in the range 300—3000 cm '.

Table V shows o' for the 300'K fit. This con-
ductivity spectrum is noticeably larger than the
Kramers-Kronig spectrum shown in Fig. 6. In the
region of most interest here near 1000 cm-', the
difference is 40%. Test runs using both methods
of analysis show that our present ref lectivity un-
certainty gives a conductivity uncertainty of about
30% near 1000 cm-'. A direct measurement of
the optical constants with the 10.6- JIL laser would
obviously be useful. Two points need emphasizing
here. The first is that surface preparation can
cause significant ref lectivity differences. We have
found that even above T~ various methods of polish-
ing and etching can cause variations in R of
+0.005. Thus any more careful analysis must be
coupled with a surface study. Second, the position
and shape of the antiferromagnetic absorption are
relatively insensitive to the uncertainties described
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TABLE V. Optical constants of chromium from reflectivity fits.

300'K 80 'K

(cm ~)

10
100
200
400
900

1000
1200
1500
2000
3000
5000
1.0 x 104

1.25
1.50
1.75
2.0
3.0

N(d

(ev)

0.0012
0.012
0.025
0.050
0.112
0.124
0.149
0.186
0.248
0.372
0.620
1.24
1.55
1.86
2.17
2.48
3.72

(10 mho/cm)

7.0
7.0
5.8
3.3
0.98
0.82
0.61
0.43
0.33
0.37
0.51
0.71
0.74
0.78
0.81
0.57
0.18

458
127
71
30.3
7.98
6.68
4.93
3.56
2.85
3.57
4.55
4.15
3.70
3.40
2.94
1.82
0.64

460
163
123
81.3
40.9
37.0
30.7
24.0
17.4
10.3
6.72
5.11
4.75
4.63
4.74
4.50
2.83

1730
488
323
245
216
215
216
221
299
257
237
156
134
115

96
88
94

(104 mho/cm)

35.4
4.0
2.6
1.2
1.3
1.5
1.4
0.84
0.38
0.36
0.50
0.71
0.74
0.78
0.81
0.57
0.18

695
57
31.6
13.1
15.2
15.4
12.3
6.59
3.21
3.59
4.69
4.22
3.77
3.42
2.96
1.83
0.64

1527
212
125
67.4
28.4
29.3
28.6
25.5
17.7
9.94
6.42
5.02
4.69
4.58
4.70
4.46
2.80

521
375
318
295
311
271
231
208
224
267
248
158
135
116

97
89
95

above. We have already included suitable strength
uncertainties for the antiferromagnetic conductiv-
ity peak in an earlier section.

In Table V we list the optical constants of chro-
mium. We use the oscillator fit procedure and
list these optical constants at selected frequencies.
We have carried out fits to the 80 'K chromium
data using additional modes to represent the anti-
ferromagnetic absorption. This fit is also listed
in the table. Since the fitting procedure has re-
flectivity errors which are different in sign at the
two temperatures, the Kramers-Kronig analysis

has been used to obtain the antiferromagnetic part
of the conductivity. It was felt that the Kramers-
Kronig method minimizes the error in the sub-
traction procedure used to obtain 4o'. Table V
gives probably more realistic values than the
Kramers-Kronig method at frequencies above
3000 cm-'. In this high-frequency region our
values in Table V agree within the ref lectivity un-
certainty with the values given by Kirillova and
Noskov who use an entirely different method of
analysis.
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We consider an idealized model of a ferromagnetic metal where the conduction electrons of
the s band interact via an exchange interaction with a system of spins represented by a Heisen-
berg Hamiltonian. Using double-time Green's functions, the effective mass and resistivity are
evaluated to second order in the coupling of electrons to the spin system, while the spin mag-
netization is given by the self-consistent approximation of Bogoliubov and Tyablikov. The
resistivity shows a sharp change in slope at the critical temperature that agrees qualitatively
with the experimental results for gadolinium.

I. INTRODUCTION

S(=b&, Sj=g, S&=~(1 —2btb&),

[b„b,] = [b „b']= [b', b'] = 0 it' ~ ~j,

(b), bgj=1, (b() =(b() =0, n(=b(b(,
our system is represented by a Hamiltonian

+as+&r]

(2)

To study the effect of magnon drag on the effec-
tive mass and transport properties of electrons in
ferromagnetic metals, we consider an idealized
model in which the conduction electrons of the s
band interact via an exchange interaction with a
system of spins of magnitude —,

' localized at the
sites of a cubic lattice, and represented by a
Heisenberg Hamiltonian. The model was previous-
ly considered by Methfessel and Mattis' in con-
nection with the "magnetic polaron" problem.

If we represent the lattice spins by Pauli opera-
tors that commute at different sites but anticom-
mute at the same site

+e —I ~kAPAs ~

k, s

+ 1t&s=2 Jo~~nj 2 ~~ J&~b&b& -& ~~ J;&n&n& --, NJO,
(5)

zr g MY -f(R-f') 5 f + + +-I=
2

~~e '
~l.beak ak +teak ak'2N kki ~

+(k —bfbg)(sa ~a ~ -sa sa 0
The a,„ak,are creation and destruction opera-

tors for electrons in the conduction band with mo-
mentum k, spin s=4 or 0, and satisfy the usual
anticommutation rules:

(sos ~ sl's') 5kb'5ss' t

(~tsar sa's ' ]= ( sos ) sa's') = 0

The square and curly brackets in Eqs. (2) and
(V) mean a commutator and anticommutator, re-
spectively We have, . in Eq. (5),

if i, j are nearest neighbors
= 0, otherwise,


