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The dependence of the periodicity of the spin-density waves in antiferromagnetic metals upon the number
of conduction electrons is studied theoretically. It is seen that the commensurable structure, i.e., the struc-
ture for which the wave vector q equals half a reciprocal lattice vector G, is the state of minimum energy
over a finite range of electron densities. The effect, which has been observed experimentally, is essentially
due to the presence of two energy gaps which coalesce into one in the commensurable state. The theory
gives quantitative relationships which are in good agreement with the experimentally determined values

for the chromium-rich Cr-Mn and Cr-Re alloys.

I. INTRODUCTION

HE occurrence of antiferromagnetism in metallic
chromium and its alloys has been satisfactorily
explained in terms of spin-density waves (SDW).1 7
This theory assumes that itinerant electrons in a metal
are strongly correlated in such a way that there is at
least one nonzero oscillatory component of the magneti-
zation M,. Each component M, is characterized by
an amplitude M,, a wave vector g, and a polarization.
These properties have all been determined experi-
mentally by means of neutron diffraction.®4
The self-consistent SDW theory?® shows that the
excitation spectrum of the electrons in such a system
exhibits energy gaps. If the paramagnetic spectrum of
the electrons is described by a band structure e(k),
the antiferromagnetic energy gaps appear whenever
the condition

e(k) =e(k+nq) (1.1)
is satisfied; in (1.1) # is any nonzero integer. It has
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been proven experimentally’® and theoretically’® that
values of the gaps with #4-1 are in general very
small and can be neglected; consequently (1.1) can
be reduced to

e(k) =e(k+q). (1.2)

The magnitude of these antiferromagnetic gaps® is
proportional to M,. Stability arguments® also show
that the value of the q vector is such that the appear-
ance of energy gaps results in the annihilation of a
sizeable portion of the paramagnetic Fermi surface.
That is, the q vector should connect two rather “flat”
pieces of Fermi surface which run nearly parallel to
each other. In this respect, the problem can be con-
sidered in essence a one-dimensional one, since the
band structure changes appreciably only in a direction
normal to the Fermi surface, or equivalently, normal to
the surface defined by (1.2). In the case of pure chro-
mium, ¢ takes the value

q==(2r/a) (1— 5,0, 0), (1.3)

where 8 is a temperature-dependent small quantity
which varies approximately between 0.05 and 0.035.
It should be remembered that the presence of a crystal
lattice makes ¢+G (G any reciprocal lattice vector)
an equivalent representation of q; consequently the
SDW vector can also be defined, for instance, by

q*==4(27/a) (1438, 0, 0)

as well as many other possible values.

The stability criterion quoted above has been used
to relate the values (1.3) and (1.4) to the features of
the Fermi surface of chromium,® and it is seen in Fig. 1
that in fact q connects, as expected, two “flat” pieces

(1.4)

15 A, Arrott, S. A. Werner, and H. Kendrik, Phys. Rev. Letters
14, 1022 (1965).

16 T,. M. Falicov and M. J. Zuckermann, in Proceedings of the
Tenth International Conference on Low Temperature Physics,
Moscow, 1966 (to be published); Phys. Rev. (to be published).

17 W. C. Koehler, R. M. Moon, A. L. Trego, and A. R. Mackin-
tosh, Phys. Rev. 151, 405 (1966).

18T, L. Loucks, Phys. Rev. 139, A1181 (1965).

476



158

of Fermi surface, the so-called hole “octahedron’ and
electron “‘jack.”

The relationship between q vector and Fermi surface
is more explicitly shown by the experimentally de-
termined change of q upon alloying.!”:1%:% The addition
of a small concentration of vanadium, which is to the
left of chromium in the periodic table, lowers the value
of the Fermi energy of the system with a consequent
enlargement of the hole octahedron and a reduction of
the electron jack; as expected (see Fig. 1) the q vector
changes so that § increases from its 8 values with in-
creasing V concentration. The alloying of a few percent
of tungsten into chromium, which leaves the total
number of conduction electrons unchanged, produces a
very small increase in §; this increase on the whole is
smaller than the change in § with temperature. Finally
the alloying of manganese or rhenium, both with one
more conduction electron than chromium, produces an
effect just opposite to that of V.

In this last case, however, more interesting effects
appear. For alloys more concentrated than about 1.59,
Re or Mn, the magnetic structure of the alloy becomes
commensurable with the crystal lattice at all temper-
atures above 4.2°K, i.e., § is identically zero and q is
then equal to exactly half a reciprocal lattice vector.
For alloys with smaller concentration of the impurity
two structures are observed: a low-temperature struc-
ture (called O in Ref. 17) with nonvanishing 8, which
is nonetheless smaller than that of pure chromium &,
and a high-temperature structure C, commensurable
with the crystal lattice, in which §=0. The phase
transition C-O takes place at a temperature T¢o which
decreases rapidly with increasing concentration; the
phase transition shows temperature hysteresis. In all
these cases it is found that as the concentration of the
impurity increases and & decreases the value of the
magnetization intensity increases by about a factor of
2 in the range 0-7 at.%, of the diluent.”

Several features of these experiments need expla-
nation: (1) Why, if the q vector tends to follow the
Fermi surface, § jumps abruptly from a finite value to
6=0 and why it gets locked in at that value? (2) Why
and how a phase transition takes place?

We present here a theory which yields an explanation
for these effects and which provides numerical corre-
lations between various quantities measured experi-
mentally. The presentation of the theory will be divided
into four parts: (a) classification of the electron states
in the antiferromagnetic metal; (b) calculation of the
antiferromagnetic band structure; (c) calculation of
the total energy of the antiferromagnetic bands; and
(d) minimization of the total energy and discussion of
phase stability.

19 H. B. Mgller, A. L. Trego, and A. R. Mackintosh, Solid
State Commun. 3, 137 (1965).

20 As found by Koehler et al. (Ref. 17), V, increases by a factor
two upon the addition of 69, Mn to Cr. This change of Vi with e
will also contribute to Ez, but we neglect this effect for simplicity.
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Fic. 1. Cross section of the Fermi surface of Cr in the (100)
plane. The shaded area represents the electron jack and the dotted
surface represents the hole octahedron. The vectors with magni-
tude ¢= (2m/a) (14=58) which connect the two pieces of Fermi
surface are indicated.

II. THEORY

A. Electrons in an Antiferromagnetic Metal

We may consider the electronic system in pure Cr
or in the Cr-rich alloys divided into two parts:

(a) an antiferromagnetic d-band part, which includes
only those electrons whose Fermi surface is annihilated
by the antiferromagnetic interaction;

(b) the rest of the (s- and d-like) conduction elec-
trons, whose band structure is modified by the anti-
ferromagnetic interaction but whose Fermi surface is
left essentially unchanged. This last part is referred to
in this paper as the reservoir.

The total number N of conduction electrons in the
metal can thus be written as

N=N4o+Nay+Np, (2.1)

where N4 is the number of electrons in 4 when no
excitations are present, N, is the (positive, zero, or
negative) number of electrons in excited states in 4,
and Np is the number of electrons in the reservoir.
Each of these groups contribute to the total energy
(or free energy) of the system. At =0, if we neglect
the excitations, i.e., N41=0, the total energy Er can
be rewritten as

Lp= Eps+Erg, (2.2)

where the terms on the right-hand side of (2.2) are
the ground-state energies of 4 and B.

If for the reservoir we take an independent quasi-
particle model, the total energy Erp depends only on
the Fermi energy er of the reservoir, and is such that

(2.3)

The number of electrons in the reservoir varies ac-
cordingly, so that

ngzp(EF) dEF.

dETB = EFP(EF) dep.

(2.4)
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In (2.3) and (2.4), p(er) is the density of states at

the Fermi surface; this quantity is measured experi-
mentally by means of, e.g., electronic-specific-heat meas-
urements.
It should be remembered that the A part of the
systems exhibits no free Fermi surface and conse-
quently gives no contribution to the electronic specific
heat.

The calculation of N4 and Er, requires a determi-
nation of the details of the antiferromagnetic band
structure.

B. Antiferromagnetic Band Structure

In the absence of excitations, the SDW theory shows
that the system 4 (essentially a one-dimensional one)
is such that the one-electron spectrum exhibits an
energy gap right at the Fermi energy. That means that
condition (1.2) is satisfied for
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where the subscripts 1 and 2 indicate that the two
paramagnetic bands are not necessarily the same and
e,~er. In addition, as Fig. 2 shows, the fact that §:20
implies that another gap of the same order of magnitude
should be present in a region in % space quite close to
the (destroyed) paramagnetic Fermi surface. This
second gap appears at values of k such that

a(k) =e(k+q*) =, (2.6)
where g* is given by (1.4). In Cr and its alloys,
€> €. (2.7

It is important to emphasize at this point that the
energy gaps tend to follow the electron distribution.
The addition of extra electrons to the system decreases
8 and changes the value of ¢ and ¢, and the two
energy gaps coalesce into one.

The antiferromagnetic band structure can be ob-
tained® by solving an infinite-order secular equation of

a (k) =e(k+q) =, (2.5) the form
e(k+q*—q)—A Ve 0 0 0
v, ek+qH) -\ V, 0 0
0 v, e(k) —\ V, 0 eee | =0, (2.8)
cee 0 0 Ve  e(k+q)—) V,
0 0 0 V, e(k4+q—q*)—\
where for the sake of simplicity we may take mation over q includes all those values of SDW vectors
V= V*(real) 2.0 in the first Brillouin zone of the paramagnetic structure.
o= Velreal). (29) Continuity of (2.11) as g—%G as well as continuity of
When 6=0, (2.8) is replaced by a 2X 2 secular equation (2.8) into (2.10) requires that
e(l) —\ Ve 411_132 V= Vo/V2. (2.12)
=0. (2.10) . N )
Vo e(k-+G/2) -\ This equation indicates that the root mean square of

In (2.8) and (2.10) the off-diagonal matrix elements
V4 and V, are proportional to the amplitude of the
magnetization waves M, and Mg/,, respectively.

If the eigenvalues A of either (2.8) or (2.10) are
designated by E(k), the total energy of the system
Ery is given by’

>

k,occupied states

ETA =

E(&)+2 | Vo PN/Co, (2.11)

where IV is the number of atoms in the crystal, Cy is
an electron-electron interaction strength, and the sum-

the magnetization is continuous, although the maxi-
mum value of M is not."

Solutions of (2.8) exhibit an infinite number of gaps,
as predicted by (1.1). If we only retain first-order
gaps, the band structure has the general form shown
in Fig. 2(B). The following features can be obtained
from a detailed analysis of (2.8):

(i) Two energy gaps
Ey= Ey— E,~2FE;— E,, (2.13)

are present in the spectrum, and correspond to un-
perturbed energies ¢; and e given by (2.6) and (2.7).
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F16. 2. (A) Hypothetical band structure in the absence of antiferromagnetism. (B) Modification of the energy
bands in the presence of a SDW state of wave vector q.

(ii) E, takes the following limiting values:

E,=2V,, 8§ very large
=V2V,, 6—0. (2.14)
(iii) The energy gap at 6=0is
Eg=E4— E,=2V,= lim 2V2V,, (2.15)

Q2

since in this case the intermediate band [b-c in Fig
2(B) ] does not exist.

If, for the sake of definiteness, we assume that the
two connected pieces of Fermi surface have equal and
opposite velocities and that the zero of energy is taken
at the point

a(ko) = e (ky+31G) =0, (2.16)
then we can write
a(k) =—e(k+3G) =<(k), (2.17)
and the following results are found:
(1) At =0 the bands are given by
E(k) = = {[e(k) P+Ve} (2.18)

(2) As 6 becomes very large the lower band is given

by
E(k) =e(ka) — {[e(k) —e(ka) P4V 2} (2.19)
where
e(ka) = é(ka+Q) = €q, (220>
and
E(ka):E(ku)'“l Vq [ (221)

It is important for our purposes to find analytic
expressions for the lower and upper bands. From the

discussion above it can be seen that, for the lower
band,
E(k) =e,— {[e(k) — e, 44,2 (2.22)

gives the correct limiting behavior at both very large
and very small §. In (2.22) ¢, is defined by (2.20) and

A, (8) =ea— E, (2.23)
should satisfy the following conditions:
A (6=0)=V,=lim V2V, (2.24)
a>G/2
dAs/de; |s0=—1, (2.25)
lim Ay=V40(V#/e). (2.26)

§>c0

These conditions are satisfied by an expression of the
form
A=V Fet eV 22, (2.27)
where
a= 2—1.

(2.28)

Corresponding expressions can be written for the upper
band.

C. Total Energy of the Antiferromagnetic Band

We now calculate the change in the total energy
Ers [Eq. (2.11)7] with the number of electrons N 4,
ie.,

E3= BETA/BNA(). (229)

We call E; the separation energy, and in varying the
number of electrons we always keep the antiferro-
magnetic system in its ground state. This means that
the occupation of the one-particle states is such that
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(i) if Ngo is less than Ny¢ (the number in the com-
mensurable state §=0), all states up to E, are filled,
the second and third bands remaining empty [see
Tig. 2(B)]; (ii) if N4 is greater than N g, all states up
to E, are filled while the third band is completely
empty.

It is evident that the problem has symmetry about
the Ngo=Nac value, but that the separation energy
should be discontinuous at N o= N4c, i.e., at ,=€e=0.
For N49< Nac¢ with the occupation numbers completely
defined, Ers is only a function of two independent
variables ¢, and V,. Consequently

_aETA de,, ) aETA qu
*" ¢ dNao' OVy dNao'
However, the equilibrium condition which minimizes
the total energy for a fixed number of electrons implies
0Er4/dV,=0, (2.31)

and the calculation of the separation energy requires
only the calculation of the first term in (2.30).
We can write, to a very good approximation,

de, __K_pr (2m)3

dNyo ~— Sr 20
where vp is the Fermi velocity in the relevant d band
of the paramagnetic structure, Sr is the area of the
destroyed portion of the Fermi surface, and @ is the

volume of the sample.
The calculation of 8 Era/d¢, proceeds as follows:

(2.30)

(2.32)

s 00 v Em]

Oe, J¢, k,occupied states

-2 [ [ B o de]. (2.33)

If we take for E(e ¢,) the approximate expression
(2.22) and remember that the density of states 9t(e) in
(2.33) is given by

N (e,) =dN ao/des=1/K, (2.34)

we obtain

Eo=¢—0u(0A0/8e,) N(2W,o/As), Nag<Nac (2.35)
where W, is an energy of the order of half the d band-
width. Similarly

E,=es+Aa(0A4/0ea) In(2Wa/Aa), (2.36)

If for A, (or A;) we take an expression like (2.27),
assume that V, is a constant equal to its value for
pure chromium-2

N 40> N g¢.

V,220.03 eV, (2.37)

and choose?
W.=Wis=21.5¢eV,

2t A, R. Mackintosh, in Proceedings of the Tenth International
Conference on Low Temperature Physics, Moscow, 1966 (to be
published) ; A. L. Trego and A. R. Mackintosh (to be published).
22T, F, Mattheiss, Phys. Rev. 134, A970 (1964).
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then a plot of Egs. (2.35)-(2.36) is that shown in
Fig. 3.

D. Total Energy and Phase Stability

To find the equilibrium configuration, i.e., the value
of & which minimizes the total energy, we impose the
condition

dEp=dEps+dFEps=0 (2.38)

subject to the constraint of a constant number of
electrons

AN =dN 40+dNp=0. (2.39)

It follows from Egs. (2.3), (2.4), and (2.29)-(2.32)

that these conditions are equivalent to
(2.40)

Es= €EF.
At the same time the total number of electrons is given
by
€F €, €d
N=Ne+ f p(e)de+ / K-'de,  (2.41)
0 0

where Ng is the number of electrons corresponding to
the case e#=0, e,=e;=0. Equation (2.41) yields for
the Fermi energy

er=[AN— («/K) 1/p(er), (2.42)
where ¢ indicates either ¢, or ¢, and
AN=N—Ng. (2.43)
The extremal condition (2.40) requires that
E,(€) =€a— A (0A,/9e,) In(2W,/A,)
AN—(e,/K
ANV B AN (244
p(er)
for AN negative and
Ey(ea) = ea+2a(0Aa/dea) In(2W 4/ Ag)
AN—(es/K
SR sy 2a9)
p(er)

for AN positive.

The equilibrium values of ¢, (or €) corresponding
to a given AN are obtained graphically from the inter-
section of the curves E;(e,) and er(e,; AN) asillustrated
in Fig. 4. The energy er(e,; AN) is plotted for five
values of AN, AN1~ANs; these go in increasing order.
The value AN corresponds approximately to pure Cr
while the others refer to suitable Cr-Mn or Cr-Re
alloys.

In Fig. 5 the total energy Er= Ers~+ Erp is shown
schematically for each of the five values of AN. The
stable or metastable equilibrium values of ¢, €, corre-
spond to the minima in the Ep curve. As AN increases
from AN, the only minimum in the curve, €., moves
smoothly towards zero. At AN=AN, a second mini-
mum appears at ¢=0. This is a local minimum at a
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F1c. 3. Plot of the sep-
aration energy E, as a func-
tion of ¢, [Eqs. (2.33) and

(2.36) 1. €cyv
9
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point of slope discontinuity, i.e., a cusp. For AN be-
tween AN, and AN; the oscillatory structure and the
commensurable one are both local minima, but O is
still the stable one while C is metastable. For AN;<
AN <AN,, C becomes the stable structure and O is
only metastable. Finally for AN;<AN<O only one
structure, C, satisfies the condition of being a minimum.

€a

/v

The equilibrium value of §, §, is obtained from

2 e |

| € |
5o= =C,2  AN<O 2.46
ﬁ'UF[Gl Wa < ( )
o ANsoT (247
hor |G| W' '

\ -2 N\

F16. 4. Plot of the separation energy E;(e;) and of the Fermi energy of the reservoir ep(e,,AN) [Eq. (2.44) ] for five values of
AN. The critical values of ¢, are determined from the intersections of the curves.
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F16. 5. Schematic plots of the total energy versus e, for the
values of AN shown in Fig. 4. The equilibrium value of ¢,=¢q.
corresponds to the minimum in the Eioa1 curve. eqe is zero for
AN> AN3; € is the maximum stable nonzero value of eg.

where | G | is 47 /a, v is the Fermi velocity, C, and C4
are numerical constants of the order of one, and W,
and Wy are the bandwidths used in Egs. (2.35) and
(2.36).

From Figs. 4 and S it is seen that §, has a minimum
value 8, corresponding to AN, This quantity can be
obtained from the curves and it is a function of K,
p, Vg, Wa, and C,. We choose for these parameters the
following range of reasonable values:

p~1-2[eV atom ] (Ref. 23),
Kp~1-2,
V,~0.03-0.06 eV (Refs. 21 and 17),
W,~1.5¢eV (Ref. 22),
Co~1.

We obtain for the minimum value of §
0m~0.01-0.04,

and for 2AN; (that is, the range of variation of electron
concentration in which the C structure is stable)

2AN3;~0.1-0.5 electrons/atom.

III. DISCUSSION
We have shown that when the electron-to-atom ratio
becomes sufficiently greater than that of pure Cr, the

28 C. H. Cheng, C. T. Wei, and P. A. Beck, Phys. Rev. 120,
426 (1960).
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q vector no longer “follows the Fermi surface”; instead
it changes abruptly to 3G and remains at that value
until the electron-to-atom ratio exceeds some critical
value. The physical explanation of this behavior may
be understood from a consideration of the q=21G state.
For relatively small values of the excess ¢/a ratio the
q= 3G state cannot be stable since the separation energy
E:(e,=0) of the antiferromagnetic system would be
greater than the Fermi energy of electrons in the
reservoir and a transfer of electrons would take place
with the resultant stability of a q#1G state. When ¢/a
increases to a value (AN, in Fig. 5) such that the
Fermi energy of the reservoir is greater than E,(e,=0)
the q=3G state becomes locally stable (see Fig. 5).
For sufficiently large e/a the = 3G state becomes stable
relative to a SDW state with q>£3G because such a
state would require placing electrons in states above
the lower band [see Fig. 2(B); the band b-c would
become occupied], whereas in the q=1G state these
electrons would be only in the lower band. This ac-
counts for the observed sticking of q at the value G
as e¢/a increases. The first-order transition in which q
jumps to 3G when a critical value of ¢/a is exceeded is
directly related to the fact that (dE./de,) <0 as e
approaches zero (Fig. 4). This effect takes place because
in the electronic configuration the state k is not only
connected to the state k--q via the matrix element V,
but also to the state k4-q* via a similar matrix element
(Fig. 2). As e,—0 the latter effect becomes increasingly
important with the result that the lower band is dis-
placed downwards. This leads directly to the possibility
of two minima in the total-energy—versus—e, curve of
Fig. 5, and the jump in q at AN =AN;. From the nu-
merical estimates of Sec. IT we can see that the present
theory predicts numbers with the right order of magni-
tude. In fact experiment shows! that §,220.03 and that
the region of sticking 2ANj; is of the order of about half
an electron per atom.? In view of the simplicity of the
model and the uncertainty in the parameters, the
agreement should be considered good.

The model also provides a basis for understanding
the abrupt change in § from a finite value to zero that
occurs at a temperature T¢o in some of the Cr-Mn
alloys. The phase transition occurs because in these
alloys, for 6=0, E,(e,) is less than the Fermi energy
of the reservoir. This means that the energy of the
antiferromagnetic electrons does not increase greatly
with increasing 7" whereas this is not so for the §%0
state. The free energy increases more rapidly with 7'
for the 6:%0 state than for the =0 state and there is
a resulting transition to the §=0 state at sufficiently
high 7. Hysteresis is also to be expected in such
circumstances.

2 The alloys can be studied up to about 509, Mn in Cr; it is
found that the C structure is stable in the range 1-50%,; for more

concentrated alloys the body-centered-cubic structure becomes
unstable.



