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Contrary to a comment made in a recent paper on inelastic neutron scattering in antiferro-
magnetic chromium, it is argued here that at low temperatures the electron-phonon interaction
does not cause significant broadening of the single-particle-mode peak in the inelastic-neutron-
scattering cross section at the gap energy. The addition of vanadium impurities is then sug-
gested as a means of lowering the gap energy in order to make it easier to perform the experi-
ment to observe this peak in the scattering and thus measure the gap energy by neutron diffrac-

tion.

In a previous publication1 (to be referred to as
I), it was argued that there should be a peak [actu-
ally a singularity of the form (w— A)™/2 where A
is the gap energy] in the inelastic-neutron-scatter-
ing cross section for antiferromagnetic chromium
metal at neutron energy transfers equal to the gap
between the magnetically split hands. In a recent
publication, Liu has argued that such a peak will be
rendered unobservable when the effects of the elec-
tron-phonon interaction are included. 2 It will be
shown in this note that although the arguments of
Ref. 2 may be possibly valid at room temperature,
they are certainly not correct at temperatures far
below room temperature, at which not too many

ImG (B, €1)ImD(p -y, w)

Estimates are given of the scattering cross section.

phonons exist to scatter electrons. At such low
temperatures (e.g., liquid-nitrogen temperature),
the results of I are not invalidated by the electron-
phonon interaction. A method of lowering the gap
energy to make it more easily observable by neu-
tron diffraction will also be discussed.

Reference 2 treats the phonons as impurities,
but phonons are different from impurities. For
example, whereas there are impurities at all tem-
peratures, there are no phonons at zero tempera-
ture. Our treatment of the electron-phonon inter-
action will follow Abrikosov, Gorkov, and Dzyalo-
shinski.® We find the self-energy of the one-elec-
tron Green’s function from Eq. (21.26) in Ref. 3,

€1

2 © ©
Z(§,€)=‘(§Tﬁ /d3P1/ dw/ de,

where €, €;, and w are electron and phonon ener-
gies, p and p- P, are electron and phonon momenta,
and G and D are electron and phonon Green’s func-
tions, respectively. Since G is a 2 X2 matrix for
the spin-density wave state, Z is a 2X2 matrix.

() ()] o

W+€ —€-10 2KT

In order to consider the rounding out of the peak at
the gap energy in the density of states, following
Zittartz, * we find the off-diagonal component of

Eq. (1). Using Zittartz’s one-electron Green’s
function, * we find
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where A is the gap energy and
BN e A I R ®)

where
=%(pf_p(2)) ’

and where m, and m, are the effective masses of

a w§ (K)

[

the bands that interact to produce the spin-density
wave. Taking KT equal to zero in Eq. (2) (this is
a good approximation if KT <K6,, 8), using Eq.
(21. 21) in Ref. 3 for D(p-P,, w), and taking the
phonon lifetime equal to zero, we obtain

1 1

-\ g 3
Zott-atas (D, €)= (z—w)T/d P = () 2w (B)

where w, (k) and w (K) are the bare and renormal-
ized phonon energies, respectively, and k=p-D; .
The imaginary part of Z 4s.41a¢ iS proportional to
the difference of two & functions whose arguments
are the energy denominators in Eq. (4). Since
neither denominator vanishes if € = 4, the imaginary
part is zero.

Now we will find the real part of Eq. (4). Fol-
lowing Refs. 3 and 4, we make the following change
of variables:

2,” kD tl(lvzh-k)
JEZS o e [ )
(Ivl =k)
Here we have assumed a Debye cutoff for the pho-

non wave vector. To simplify the integrals, we
replace Eq. (3) by

wy (Py)=(-1)*(34-bE), (6)

where b is a number of order 1/m, or 1/m,, and
we restrict £, to have values between - €,/b and

0, where €,>> A. Then, using Egs. (5) and (6) and
taking wg (K)~ w (K)=vk=w, Eq. (4) becomes

Zotl-dias (5’ €)

2 w
& 1 [P 1
(@) 4pb o2 [ wdwln| TR e
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In obtaining this result, we assumed €3> A>> w),
as well as making the assumption (Ref. 3) that the
important w in the integral of Eq. (3) is w~wj.

w (K) +w, (1) -

€-1i6 —w(E)+w1(§1)—e-i5>’ @)

-
With these assumbtions, it was possible to take
a/[wy (1) - wz (B1))=-1,

because when p, differs from p, sufficiently for

this not to be true, the integrand in Eq. (4) is of
order wp/A, which we neglect. Performing the

integral in Eq. (7), we find

- n kL w,, € €e-A
Zoft-dlu(pv€)='_8 532‘321“;9; +O( A ) ,

(8)

where 77 is a constant of order unity given by
1 =g>pom/2m*

from under Eq. (21.16) in Ref. 3.

We note that Eq. (8) does not have the sharp
energy dependence of the correction to the self-
energy operator given in Eq. (32) of Ref. 4. The
phonon correction obtained here never becomes
large enough to cause the rounding of the peak in
the density of states at the gap energy. The cor-
rection given by Eq. (8) will renormalize 4, but
will not have a significant effect on the shape of the
density of states. Since the peak in the density of
states is not rounded out, there is no reason to
believe that the neutron-scattering cross section
will be rounded out. As is indicated by Ref. 2,
the neutron-scattering cross section is not broad-
ened if the density of states is not. In pure chro-
mium for which A is about® 150 meV and w, is
about 25 meV, it is reasonable to take A>w,.
Thus, it should be possible to observe a peak at
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150 meV in the neutron-scattering cross section
of pure chromium at low temperatures, as pre-
dicted by I.

Unfortunately, it is at the present time difficult
to perform inelastic neutron scattering with an
energy transfer of 150 meV. One possible way of
getting around this difficulty is to reduce the Néel
temperatures, and hence the gap, by adding vana-
dium impurities to chromium.® Although the im-
purities will lower the gap energy, they will also
broaden out the peak in the way predicted by Zit-
tartz. *

The inelastic-neutron-scattering cross section
for the peak at the gap energy may be estimated
using the results of I. We may define a density
of interband transitions by

p(e)=3 Ted(e-D(K), (92)
where
D (B)=}[<, () - &, (B)], (9b)

where €, and €, are the energies of the two para-
magnetic state bands mixed to form the spin-den-
sity wave state, and 6 is the wave vector of the
spin-density wave. Assuming p(€) to be constant
between € =0 and w (the effective bandwidth), and
using Egs. (23), (28b), (53), and (62) of the first
paper in Ref. 1, we may estimate the cross sec-
tion of this peak relative to the total intensity on
the spin-wave peak at 50 meV. Takingw=1 eV
and assuming a “window” (width of the peak at the
gap energy over which we count neutrons) equal to
about 20% of the gap energy, we find that the total
area under the spin-wave peak at 50 meV is about
12 times greater than the intensity of the single-
particle-mode peak at 150 meV. If the gap is re-
duced to about one-third of this value (which can
be attained by adding about 2% vanadium®) and if
we keep the ratio of the “window” to the gap energy
at 20%, the cross section of the single-mode peak
will be about cut in half, Since the window is now
tas large, the sharpness of the peak has not really
been reduced. By lowering the gap energy, we
gain the advantage of being able to measure the
peak more easily because of the greater neutron
flux available at low neutron energies. The pres-

ence of vanadium impurities, however, will broaden
out the peak. We can get an idea of the extent of
this broadening by noting that Zittartz* has shown
that the energy at which the density of states be-
comes zero is lowered in the presence of impurities
from A to an energy w, given by

wy/ A= (1= %2 (10)

where a@=T'/A, where I is the one-electron level
width in the paramagnetic state due to impurity
scattering (I'=7%/T, where T is the electron life-
time). To get the paramagnetic-state residual
resistivity, we extrapolate the straight line for
higher concentrations in Fig. 4 of Ref. 6 to the
concentration 2%, which is the vanadium concen-
tration necessary to lower the gap by a factor of
3. Substituting this resistivity in the Drude for-
mula, we obtain I and hence @. Substituting in

Eq. (10), we find that w,/A=0.6. The real broad-
ening of the peak is probably not as great as this
since the effective width (e.g., width at which the
density of states falls to half its maximum value)
is probably less. The peak in the neutron scat-
tering should be broadened by about the same
amount, as indicated in Ref. 2. Thus when we

add vanadium impurities to lower the gap energy,
we pay for it in increased broadening of the peak.

It should be possible, however, to choosean opti-
mum vanadium concentration with the right ex-
perimental setup to do this experiment.

The broadening out of the single-particle-mode
peak on the inelastic-neutron-scattering cross sec-
tion for antiferromagnetic chromium due to the
electron-phonon interaction has been shown to have
no qualitative effect on the cross section at tem-
peratures far below the Debye temperature. Also
an experimental method has been suggested for
lowering the gap energy in order to make it more
easily observable by neutron diffraction. The fact
that our model of the electronic structure of chro-
mium is highly simplified will result in some er-
rors in our estimates, but probably not extremely
important errors. The energy-band calculation
of Asano and Yamashita shows that the gap is nearly
the same for almost all directions of k in the Bril-
louin zone for those Fermi-surface sections wiped
out by the gap.”’
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