5 THERMODYNAMIC PROPERTIES OF IMPURE HEISENBERG.

by the angle which it makes with them. At low
temperatures the effect of long-wavelength magnons
will be to cause motions in which the impurity and
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its neighbors move substantially as a unit preserv-
ing their mutual orientation. An improved theory
would take this effect into account. 1819

*Supported in part by the National Science Foundation.

tSupported in part by the U. S. Office of Naval Re-
search and the National Science Foundation.

s. W. Lovesey, J. Phys. C 1, 102 (1968); T. Tonegawa,
Progr. Theoret. Phys. (Kyoto) 40, 1195 (1968); E. Shiles
and D. Hone, J. Phys. Soc. Japan 28, 51 (1970).

2T, Wolfram and J. Callaway, Phys Rev. 130, 2207
(1963); T. Wolfram and W. Hall, ¢bid. 143, 284 (1966).

°D. Hone, H. B. Callen, and L. R. Walker Phys.
Rev. 144, 283 (1966).

‘M. Bu Butler, V. Jaccarino, N. Kaplan, and H. J. Guggen-
heim, Phys. Rev.. B 1, 3058 (1970); see also E. Shiles
and D, Hone, Ref. 1.

H. B. Callen, Phys. Rev. 130, 890 (1963).

®H. B. Callen and S. Shtrikman, Solid State Commun.

3, 5 (1965).

"L. R. Walker, B. B. Cetlin, and D. Hone, J. Phys.
Chem. Solids 30, 923 (1969).

87, Tonegawa and J. Kanamori, Phys. Letters 21, 130
(1966).

8y, Jaccarino (unpublished).

%0. Nikotin, P. A. Lindgard, and O. W. Dietrich, J.
Phys. C 2, 1168 (1969).

F, M. Johnson and A. M. Nethercot, Phys. Rev. 104,
847 (1956); 114 705 (1959).

Uy, r, Johnson, R. E. Dietz, and H. J. Guggenheim,
Phys. Rev. Letters 17, 13 (1966).

2R, Weber, Phys. " Rev. Letters 21, 1260 (1968).

Bg. K. Wertheim, H. J. Guggenhenn and D. N. E.
Buchanan, J. Appl. Phys. 40, 1319 (1969).

“M. E. Lines, Phys. Rev. 156, 543 (1967).

157, M. Holden, W. J. L. Buyers, and R. W. H.
Stevenson J. Appl. Phys. 40, 991 (1969).

6p, J. Dyson, Phys. Rev. 102, 1217 (1955);
(1955).

1F, Keffer and R. Loudon, J. Appl. Phys. 32, 25
(1961). -

8D, Hone, D. J. Scalapino, and R. Silberglitt, J. Appl.
Phys. 41, 948 (1970).

193, Watarai and T. Kawasaki (unpublished).

102, 1230

PHYSICAL REVIEW B

VOLUME 5,

NUMBER 3 1 FEBRUARY 1972

Electrical Resistivity and the Depression of the Néel Temperature in Cr-Mo and Cr-Fe

M. -A. Mitchell and J. F. Goff
Naval Ordnance Labovatory, White Oak, Silver Spring, Mavyland 20910
(Received 30 August 1971)

Existing data are used to show that Mo and Fe impurities cause the Néel temperature Ty

of Cr to decrease at almost exactly the same rate up to 10 at.%.

valence than Cr generally increase Ty.

Elements with a higher

It is suggested that two Fe electrons are localized

and produce a localized magnetic moment, for which experimental evidence already exists.

The effective valence of Fe would then be similar to that of Mo.

In order to investigate the

similarities and differences of Cr-Fe and Cr-Mo, electrical-resistivity measurements have
been made on two Cr alloys with 9.35-at.% Mo and 9. 35-at.% Fe, respectively, from 2 to
300°K. For Cr-Mo, Ty=197°K, and for Cr-Fe, Ty=181°K. At 0 and 200 °K the resistivity

of Cr-Fe is 12.6 and 3.2 times higher, respectively, than that of Cr-Mo.

We suggest that

localized magnetic moments at Fe sites combined with atomic disorder produce a large,

nearly temperature-independent spin-disorder scattering in Cr-Fe.

A simple model of elec-

trical conduction is employed to explain the temperature dependence of the electrical resis-

tivity.

Below Ty an energy gap with a BCS temperature dependence opens up over a part of
the Fermi surface, and conduction takes place in two bands.

As a result of the gap, electrons

in the magnetic band are thermally frozen out with decreasing temperature, which leads to the
rise in resistivity just below Ty. The 0°K gap is estimated to be 0.14 eV for Cr-Mo and

0.072 eV for Cr-Fe.
the magnetic and nonmagnetic bands.
the magnetic band.

I. INTRODUCTION

The purpose of this paper is twofold. First we
would like to point out that Mo and Fe impurities
lower the Néel temperature 7'y of chromium at al-
most exactly the same rate up to concentrations
of the order of 10 at.%. This likeness does not

Pure Cr and Cr-Mo have nearly the same balance of conduction between
In Cr-Fe the balance is shifted toward conduction in

seem to have been noted before, although Suzuki
has commented that there is an order-of -magnitude
similarity.! Iron is anomalous since most other
elements of higher valence than Cr cause Ty to
increase.

Second, we report an analysis of the electrical
resistivity of two Cr alloys containing 9. 35 at. %
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Mo and Fe, respectively, which have been mea-
sured in the temperature range 2-300 °K in order
to investigate the similarities and differences of
the two cases. The method of analysis is similar
to that used previously® but is simplified in that
some of the details of the distribution of electrons
about the Fermi surface are neglected. It will be
seen from this analysis that, although the 7,’s of
the two samples are nearly the same, there are
differences between the antiferromagnetic energy
gaps and between the ratio of conduction on the
antiferromagnetic and paramagnetic Fermi sur-
faces. Furthermore, an additional scattering pro-
cess in Cr-Fe accounts for its high electrical re-
sistivity relative to Cr-Mo. This process is thought
to be magnetic in origin.

The remainder of this paper is divided into the
following four parts: The sample characteristics
and experimental details are given in Sec. II; in
Sec. IM, the depression of Ty is discussed; the
resistivity of the Cr-Mo and Cr-Fe specimens
which we have measured is presented and analyzed
in Sec. IV; Sec. V is a summary.

II. EXPERIMENTAL DETAILS

Pure iochrome (99.996%) was obtained from the
Materials Research Corporation (Orangeburg,

New York); pure molybdenum (99.985%) was ob-
tained from Jarrell-Ash (Waltham, Mass.); and
pure iron (99.999%) from United Mineral and
Chemical Corporation. The basic constituents of
each of the two alloys were arc melted together
and remelted 2-3 times in the form of a button;
this was finally remelted into the form of a crude
bar. The Cr-Mo bar was annealed at 800 °C for

2 h and then ground to the shape of a square rod
about 4X4X65 mm. The nominal concentration

of Mo was 8.96 at.%. A wet chemical analysis

of an end piece indicated that the sample contained
9.35 at. % Mo. The latter is considered to be more
accurate because the much higher melting tempera-
ture of the Mo could result in the evaporation of a
disproportionate amount of Cr during melting.

The crude Cr-Fe bar was annealed at 900 °C for
24 h and then ground to the shape of a square rod
4X4X59 mm. Radiographic x-ray examination
showed the presence of three small, spherical in-
clusions (0.03 cm in diameter) of greater x-ray
density than the rest of the matrix, and near the
center of the rod. It was estimated that such in-
clusions had much less than 1% effect on the trans-
port properties.

The Cr-Fe sample was reannealed for 24 h at
900 °C followed by an air quench. Its nominal
composition was 9. 35 at.%.

Electrical resistivity was measured by the four-
probe method. A very stable electronic constant-
voltage supply provided current, and voltages were
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measured between two voltage probes which also
served as thermometer mounts using a Leeds and
Northrup K-3 potentiometer. Carbon thermometers
were used below 77 °K and platinum thermometers
above.

Random scatter about a smooth curve through the
resistivity data was less than 1%. The largest sys-
tematic error, in the geometry factor, was 1-2%,
and this determined the absolute error, 1-2%.

III. LOWERING OF 7,
A. General Effect of Alloying

It has been experimentally established that at its
Néel temperature (313 °K) pure chromium under-
goes a first-order phase transition from the para-
magnetic state to a unique kind of antiferromagnetic
state.® * Between 313 and 121 °K a conduction-
electron spin-density wave (SDW) is formed whose
wave vector Q is incommensurate with the recipro-
cal lattice, i.e., Q=(n/d)(1£5,0,0) where 5~0.06
and d is the lattice spacing; the spin polarization
is transverse. Below the spin-flip temperature
(121 °K) the spin polarization is longitudinal.

When other transition metals are alloyed with
chromium there are changes in the antiferromag-
netic state.>*~® In general, elements which have
a smaller valence than Cr lower Ty and the average
magnetic moment per atom ({u)) and increase 3.
The elements molybdenum and tungsten also do
this. Most of the elements with a higher valence
initially increase Ty and {u) and decrease 6. Iron,
cobalt, and nickel are anomalous—they lower T}.
When 6—-0 a new, stable, commensurate antiferro-
magnetic state is formed. In many cases a mixture
of commensurate and transverse incommensurate
states exists in certain concentration ranges (e.g.,
in Cr-Mn® and Cr-Fe®). Longitudinally polarized
SDW'’s are not found above 2 at.%.

On the theoretical side, the band structure pro-
posed by Lomer!® describes the qualitative features
of the Fermi surface. There is alarge, octahedrally
shaped pocket of electrons at the center of the
Brillouin zone and large, octahedral hole pockets
on the [100 ] axes at the edges of the Brillouin zone;
there are six smaller, closed electron surfaces
between the electron and hole octahedra. Another
set of hole pockets described by Lomer was not
found in the band calculations of Loucks.' The
antiferromagnetism of chromium arises from an
exchange-induced pairing of electrons on the sur-
face of the electron octrahedron with holes in
parallel sheets of the hole surface. The surfaces
are separated by the vector Q. The electron
octahedron is slightly smaller than the hole octa-
hedron, and the magnitude of @ is slightly different
from 3 reciprocal-lattice vector.

On the basis of this band model it may be seen
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FIG. 1. Depression of the Néel temperature of Cr by
Mo and Fe. Data in (a) and (b) were obtained from elec-
trical resistivity, circle; integrated neutron intensity,
triangle; magnetic susceptibility, circle with vertical
slash; thermal expansion, square with diagonal slash;
paramagnetic resonance, square with vertical slash; elec-
trical resistivity, Ref. 25, circle with diagonal slash;
and electrical resistivity, this work, inverted triangle.
AF, P, and F refer to the antiferromagnetic, paramag-
netic, and ferromagnetic states, respectively. Ferro-
magnetic Curie temperatures are also plotted in (b),
triangle with vertical slash. Dashed line is the same as
solid line in (a). Note the region of overlap of AF and F
from 15.4 to 19.0 at.% Fe.
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that valence can play a primary role in changing
Ty, (1), and Q If the band structure does not
change much, alloying chromium with higher va-
lence elements should cause the electron octa-
hedron to increase and the hole octahedron to de-
crease, resulting in a more complete matching of
the two surfaces. The stability of the antiferro-
magnetic state is thereby improved; Ty and {(u )
increase, and 0 decreases. The converse is true
for lower valence elements. This picture seems
to explain well the behavior of Cr-V and Cr-Mn
alloys. Putting vanadium (valence 5) into chromium
(valence 6) lowers Ty, and manganese (valence 7)
raises Ty.° When Ty is plotted against electron
number, the Ty curve for the ternary alloy Cr-V-
Mn falls on top of the Ty curves for the binary
alloys. 2

B. Reduction of T), by Mo and Fe

In Figs. 1(a) and 1(b), the transition tempera-
tures for Cr-Mo and Cr-Fe, respectively, are
plotted. The antiferromagnetic transition pro-
duces well-defined anomalies in several properties
of Cr and its alloys, and these may be used to find
Ty. For Cr-Mo [Fig. 1(a)] integrated neutron in-
tensity® and electrical resistivity!:®*~!° were
used. For Cr-Fe [Fig. 1(b)] integrated neutron
intensity, & 2:# electrical resistivity, ®#~% mag-
netic susceptibility, ® ® and thermal expan-
sion!'% %430 were used. The dashed line in Fig.
1(b) is the same as the solid line in Fig. 1(a).

The effect of Fe on Ty is strikingly similar to that
of Mo below 10 at.%, but above this percentage,
Fe reduces Ty more rapidly than Mo.

The depression of the Ty by isoelectronic Mo
is more subtle than the valence effect of V and
Mn. Koehler ef al.® have suggested an explanation
in the context of the Fedders and Martin theory.
The latter derived

Ty=Tse™ ",
1)
A=y2V(0) RE/ 2720, ,

where Ty is a constant which depends on the band
structure; k. is the average radius of the Fermi
surface (the electron and hole surfaces are spher-
ical and congruent in this model); vy is the average
Fermi velocity; V(0) is the average screened-
Coulomb potential; and y is a mean overlap matrix
element for intraband electrons. The addition of
Mo affects the Fermi surface less than elements
with a different valence; this is supported by the
experimental result that 6 varies much less rapidly
with the addition of Mo than other elements.’
However, the 4d wave functions of Mo are less
localized than the 34 wave functions of Cr, *2 and
therefore, the overlap factor, y, is reduced. Then
A in Eq. (1) is also reduced, and T decreases.
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Whether or not this particular explanation is cor-
rect, it is reasonable to expect some effect of the
4d nature of Mo on Ty.

There is experimental evidence for the existence
of localized magnetic moments on Fe impurities
in Cr-Fe alloys!»% 7; above Ty this magnetic mo-
ment is about 2up (g =1 Bohr magneton).® Neu-
tron-diffraction measurements on a piece of the
Cr-Fe specimen reported here®® indicated that the
alloy was commensurate down to 4. 2 °K, which is
consistent with a locking of SDW’s to the lattice
by localized magnetic moments. 3 Furthermore,
a large scattering of electrons by magnetic Fe
impurities would give rise to the high electrical
resistivity of Cr-Fe relative to Cr-Mo, to be dis-
cussed in Sec. IV. A localization of two electrons
at Fe sites would explain the localized magnetic
moment. Since the effective valence of Fe would
then be the same as Mo, localization would also
help explain why the two elements decrease Ty at
the same rate.

Barker et al.% have pointed out that scattering
can have a pair-breaking effect on electron-hole
pairs in Cr, and thereby cause a reduction in T'y.
By means of the formalism of Zittartz® they cal-
culated that the Néel temperature of pure Cr un-
renormalized by electron-phonon scattering is 750 °K.
Impurity scattering may explain, at least in part,
the reduction of Ty in Cr-Mo.*® In Cr-Fe, all
other considerations aside, if the valence effect
were overcompensated by the large extra scatter-
ing (see Sec. IV), Ty would fall with the addition
of Fe as is observed; but in Cr-Mn, 373 in which
the electrical resistivity is as large as in Cr-Fe,
Ty is observed to increase with increasing Mn con-
centration. Thus, the quantitative importance of
the effect of scattering on Ty is not clear.

The onset of ferromagnetism occurs at or near
the concentration at which antiferromagnetism dis-
appears in Cr-Fe, as Baum and Schroeder® have
so recently pointed out. In fact, the extrapolation
of the ferromagnetic Curie temperature data to
zero in Fig. 1(b) indicates that from 15.4 to 19.0
at.% Fe the ferromagnetic and antiferromagnetic
states overlap. It is interesting to note that the
peak in the electronic specific-heat coefficient of
Cr-Fe occurs at 19 at.% Fe.*' The peak in the
electronic specific-heat coefficient of Cr-Mo oc-
curs at 24 at.% Mo, !* where antiferromagnetism
is known to disappear.* The region of overlap in
Cr-Fe would be worthy of more experimental in-
vestigation.

IV. ELECTRICAL RESISTIVITY OF Cr-Mo AND Cr-Fe
The electrical resistivity of the two specimens,

Cr +9.35 at.% Mo and 9. 35 at. % Fe, is plotted in
Fig. 2. The resistivity of Cr-Mo agrees well with

M. A. MITCHELL AND J.

F. GOFF

lon

(107 ohm cm)

P

1 . 1 2
o] 100 200 300
T (°K)

FIG. 2. Electrical resistivity of Cr 9.35 at.% Mo
(lower data) and Cr 9.35 at. % Fe (upper data). Solid line
through each set of data points was calculated from resis-
tivity model. Dashed lines are extrapolations of the

paramagnetic state according to the resistivity model.
For Cr-Mo, Ty=197°K, and for Cr-Fe, Ty=181°K.

Arajs’s measurement of an 8. 8-at.% Mo alloy. **
The Cr-Fe resistivity in Fig. 2 is similar to that
of a 9.5-at.% Fe specimen reported by Arajs and
Dunmyre.?® Below 30 °K the data have a slight
temperature dependence which is stronger than one
would expect from lattice scattering. Although this
temperature dependence is not understood, it is
nearly 7%/2, and magnetic scattering is sus-
pected.

Above Ty the resistivity of both alloys is nearly
linear, but the data are slightly concave upwards.
A similar concavity is observed in pure Cr above
TN' 43

The rise of resistivity below the Néel tempera-
ture in Fig. 2 is in both cases due to the effect of
the opening of an energy gap over part of the Fermi
surface, but the resistivity of Cr-Fe is much larger
than that of Cr-Mo over this temperature range.

It is believed here that there is a large magnetic
scattering in addition to the impurity scattering,
since nonmagnetic properties such as valence gen-
erally do not produce this large an effect.** The
addition of Mo to Cr reduces the average magnetic
moment per atom below 7T'y.° On the other hand,
the magnetic moment per atom is significantly in-
creased with the addition of Fe, and a localized
moment of about 215 has been associated with the
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Fe impurities. ®

In certain respects Cr-Fe is analogous to gado-
linium (and other rare earths). In the case of Gd
above its Curie temperature, *° the atomic spins
are thermally disordered, and a large, tempera-
ture-independent resistivity p,, in addition to the
lattice resistivity is observed. Below the Curie
temperature the Gd spins order magnetically,
and the resistivity becomes more temperature
dependent; it falls to zero at absolute zero. Now
assume that Fe impurities in Cr have atomic spins,
and that they are spatially disordered. This situa-
tion is analogous to Gd above its Curie tempera-
ture—except that the spatial disorder remains in
Cr-Fe below Ty, and consequently the large re-
sistivity remains almost temperature independent
below Ty. This assumption will be used presently.

Klemen’s formulation of transport coefficients*®
has been used by Goff? to explain the temperature
dependence and magnitude of the Lorenz number,
thermal conductivity, and electrical resistivity of
pure Cr. Band structure was incorporated into
the analysis and was found to have an important
influence on the transport properties. This treat-
ment will now be adapted to the alloys, although
the band -structure effects will be neglected in or-
der to simplify the problem.

The electrical conductivity is?

om)=-[ o5 Leaz, @

=

where E is the electron energy measured from the
Fermi level; f,=[exp(E/ks T) +1]™!; kp and T are
the Boltzmann constant and absolute temperature,
respectively; and o(E) is the energy-dependent
conductivity*®

2 2
_e TV, dS
olE) = 47 s legradiEl 3)

Here 7 is the relaxation time, v, is the velocity in
the direction of current, k is the electron wave
vector, S is a constant energy surface in K space,
and e is the electronic charge. In the case of a
degenerate, free-electron gas

o(T)~ 3N (0)e2v2T, (4)

where N(0) is the electron density of states at the
Fermi level.

In Cr and its antiferromagnetic alloys an energy
gap opens up over part of the Fermi surface, and
a portion of the current carriers in the metal are
frozen out of the conduction process. The elec-
trical conductivity of these metals therefore looks
similar to a two-band situation in which one band
has metallic conductivity which decreases with in-
creasing temperature, and the other band has a
semiconducting conductivity which increases with

increasing temperature. In order to treat the above
case assume that 7 is isotropic; take vZ = w¥E);
and remove the Tv%E) product from within the sur-
face integral in Eq. (3). The integral that is left

is the density of states. Now divide the surface S
into a normal part S, and a magnetic part S,.
Equation (3) becomes

0(E)=0,(E) + 04(E) , (5)

where the p and A subscripts refer to the nonmag-
netic and magnetic parts of S, respectively; and we
have defined

0,(E) = 5> 0¥ E)T(E)N,(E) , (6)
04 (E)= 56204 E)T(E)N,(E). (7)

Fedders and Martin® derived a BCS*" density of
states and energy gap in their model. With some

changes this result will be used here. For T < T,
RI|E|
>
oalE) _ S(E2+A2)172+g kT E>4
o (E) - (8)
¢ ExA

’

and 0,(E)/0,0)=R for T>Ty. The ratio R is given
by

R TE)VAE) N, (0) ©)
7(0)0%0)N,(0) ’

where N,(E) is the density of states which would
exist at the magnetic surface S, if there were no
antiferromagnetic transition, i.e., A=0. The
constant £ is taken to be small, and A is an energy
gap with the temperature dependence of the BCS
gap [A(T)/A(0) is tabulated in Ref. 48]. Using Egs.
(2)’ (5); (7); and (8)’

o(T)=c,(o)< —fw %‘:f((%; zf?" dE +R1,,> ,  (10)
where )

1A=zf; (zz—Afj“hg (e,‘fna dz (11)
and ’

Ag = AT) _p, Ta AD) (12)

TRy T T T A0

The integral I, must be evaluated as a function of
its lower limit Az. In the BCS theory, ¥ A,=1.75,
but we treat it as a parameter. Suppose that
0,(E)/0,0) is slowly varying for Cr-Fe and Cr-Mo
in the range — 4k 3T <E <4kzT. In this case

T 0pE) 8fy o
_L o) G as~1. (13)

After substituting Eq. (13) into Eq. (10), the re-
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sistivity is

1 1 1

P(D)= T 6,(0) T+RI, (14)

In order to apply Eq. (14) to Cr-Mo it is assumed
that
e = o +pi(T) (15)
O.p(o) =potP; .
The resistivity p, is temperature independent, and
p;(T) the lattice resistivity. The latter is taken to

have the temperature dependence of the Bloch-
Griineisen law*

pi(T)=a(T/©g)°J5(0x/T) , (16)

where a and ®, are a constant and electrical Debye
temperature, respectively; and J;(®;/T) is a func-
tion which is tabulated in Ref. 49.

The constants R, 4;, a, and ®, were adjusted to
fit Eq. (14) to the electrical-resistivity data of
Cr-Mo from 2-300 °K. This fit is the solid line
through the Cr-Mo data in Fig. 2, and the values
of the constants are listed in Table I. The Debye
temperature from specific-heat measurements @,
is also listed for comparison. The @y is less than
®p, but this is found to be true for other metals
also. * The fit is very good for Cr-Mo.

The Cr-Fe resistivity is more complicated. We
assume that the magnetic resistivity p,, and the
normal impurity resistivity are lumped into p, in
Eq. (15). The ®4 for Cr-Fe is assumed to be the
same as for Cr-Mo because in this case the fit is
insensitive to the choice of ®;. Just below Ty
=181 °K (the minimum in resistivity), from 171 to
181 °K, the rise of resistivity is relatively slow,
and there seems to be a precursor. This was ig-
nored by taking T, =171 °K for the purposes of the
resistivity analysis. The values of the constants
R, a, Ay, and @y for Cr-Fe in Table I produced
the solid-curve fit of Eq. (14) to the Cr-Fe resis-
tivity data in Fig. 2. Although the model does not
work as well in this case as for Cr-Mo, it does
serve to explain the main features of the resistivity
and to estimate the antiferromagnetic energy gap

M. A. MITCHELL AND J. F. GOFF
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and R.

The pure-Cr data of Goff? have been reanalyzed
using a BCS-gap temperature dependence. Pre-
viously, 2 the gap was assumed to be proportional
to (1 —T/Ty)!/?, which is BCS-like only near T,.
The new constants R and 4, thus obtained are in-
cluded in Table I.

There are several important approximations in
this resistivity model: (i) An isotropic relaxation
time is assumed. (ii) It is assumed that o,(E) is
well behaved and slowly varying so that Eq. (13) is
true. In pure Cr it is not, and at 200 °K Eq. (13) is
only 90% correct. The Lorenz number L can in-
dicate whether o,(E) is well behaved by the amount
by which it differs from the Sommerfeld value. In
Cr-Mo, L is smaller than in Cr, and it is perhaps
15% higher at most than the Sommerfeld value.*
Thus, the approximation of Eq. (13) is probably
fairly good. On the other hand, Cr-Fe has a large,
strangely behaved Lorenz number (we have mea-
sured it), and the approximation is not as good.
(iii) The use of a BCS density of states and gap
temperature dependence may be an oversimplifica-
tion. (iv) The Bloch-Griineisen law has never
worked well in transition metals and alloys. (v) The
magnetic part of the electrical resistivity of Cr-Fe
may have a temperature dependence caused by mag-
netic ordering.

The ratio R of A-surface to p-surface electrical
conductivity is proportional to (but not simply equal
to) the ratio of the density of states N,(0)/N,(0), as
can be seen from Eq. (9). In this analysis R is
supposed to be constant; this will be true only if the
ratio 7(E)v¥E)/7(0)v%0) is temperature and energy
independent. Other authors deal with the ratio
a=N,0)/[N,0)+Ns(0)]. If 7(EWXE)/T(0)30)~1 in
Eq. (9), then R and « are simply related: a~R/
(R +1). We have included R/(R +1) in Table I.

A comparison of the conductivity of Cr and the
Cr-Mo and Cr-Fe alloys is made in Table II. The
X and Y superscripts refer to Cr or one of the two
alloys listed in column 1. The conductivity of Cr-
Mo is more than an order of magnitude higher than
Cr-Fe at 0 °K (column 2), and more than 3 times

TABLE I. Parameters of the electrical-resistivity model.
Ty R 2A0kpTy po® a Og op
Sample (°K) R R+1 Ay (eV) uQ cm) (19 cm) °K) (°K)
Pure Cr 313 0.464 0.32 1,89 0.102 . vee e 5759
Cr 9.35at.% Mo 197 0.395 0.28 3.64 0.124 4.19 98,14 405 550¢
Cr 9.35at.% Fe 1814 1.219 0.55 2.45 0.072 53.2 187.4 405 235¢

*Note that above Ty the total resistivity is [pg+p;(T)1/(R+1). This also gives the paramagnetic resistivity below Ty.
bComposite value: J. F. Goff, Phys. Rev. B 4, 1121 (1971).

°Reference 14.

97 y=171°K was used in fitting the model to the Cr-Fe resistivity data.

®Reference 41.
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TABLE II. Comparison of electrical conductivity.
@) (2) (3) (4) (5)
a%(0) (200 °K) o) o4 (0)

X/Y 02 ©) | r=0°x o¥ (200 °K) 0} 0) | r=200 °x 0% 0) | 100°x
Cr/Cr-Mo 1.28 1.6 1.9
Cr/Cr-Fe v 4.1 8.3 3.2
Cr-Mo/Cr-Fe 12.6 3.2 5,2 1.7

higher at 200 °K (column 3). At 200 °K the conduc-
tivity of Cr is only 28% higher than Cr-Mo, but
410% higher than that of Cr-Fe as a result of the
magnetic scattering in the latter. Columns 4 and

5 show that in going from pure Cr to Cr-Mo there
is not much change in the balance of conduction by
the magnetic and nonmagnetic surfaces (compare
1.6 to 1.9), but that there is a shift toward more
conduction on the magnetic surface in going from
Cr to Cr-Fe (compare 8.3 to 3. 2); that R is higher
for Cr-Fe than for Cr-Mo or Cr also supports this
conclusion.

It can be seen in Table I that the energy gap for
Cr-Mo is larger than that of Cr-Fe. Barker and
Ditzenberger® found the converse to be true in an
optical-absorption study: For Cr +8.6 at.% Mo,
Ag=2.55 (240k5Ty=0.091 eV) and a=0.33, while
for Cr-Fe the 0 °K gap was 0.23 eV. They also
found that for pure Cr, A;=2.55 (28,k5Ty=0.14
eV). McWhan and Rice® obtained Ag=2.3 (24,5 Ty
=0.13 eV) and @=0.3 in their study of the effect of
hydrostatic pressure on the electrical resistivity
of pure Cr. Heiniger!* measured the specific heat
of Cr and Cr alloys at low temperatures and obtained
the electronic specific-heat coefficient for the para-
magnetic v, and antiferromagnetic v, states. These
are simply related to a: a=1-7y,/7,. Using
Heiniger’s data, a@=0.52 in pure Cr and 0.37 in Cr
+9 at.% Mo [compare with R/(R +1) in Table I].
Considering the diversity of methods used in obtain-
ing these data, over-all agreement should be con-
sidered very good.

V. SUMMARY

We have used existing data to show that Mo and
Fe impurities depress the Néel temperature of Cr
at almost exactly the same rate up to 10 at.% (see
Fig. 1). That Fe impurities lower Ty is unexpected
since most elements with a greater valence than Cr
initially raise Ty. There is experimental evidence
for the existence of localized magnetic moments at
Fe sites.® %7 Two localized Fe electrons could give
rise to both localized moments and a lower effective
Fe valence, which in turn would partially explain
the observed effect of Fe on Ty. However, the band
structure of antiferromagnetic Cr alloys has not
been calculated in detail, and the effects of scatter-
ing of electrons®® and the 4d nature of Mo® on Ty

are poorly understood. Consequently, it is not pos-
sible to draw definite conclusions about the sim-
ilarity of the effect of Mo and Fe on T'y.

Electrical-resistivity measurements of two alloys,
Cr +9.35 at.% Mo and Fe, respectively, between
2 and 300 °K have been reported here. It is possible
to explain the temperature dependence of the resis-
tivity of Cr-Mo by means of a simple model with
four adjustable parameters. The model has the
following features. Above T conduction is limited
by impurity scattering and lattice scattering which
can be calculated from the Bloch-Griineisen law
with a Debye temperature of 405 °K. At the mag-
netic transition an energy gap with a BCS tempera-
ture dependence®’s *® opens up over part of the Fermi
surface, and there is conduction in the equivalent
of two bands. The thermal freezing out of current
carriers in the magnetic band as a result of the gap
leads to the rise of resistivity just below 7'y, and
eventually conduction takes place only in the non-
magnetic band. The 0°K energy gap (an adjustable
parameter) is 0.12 eV. The model fits the resis-
tivity of Cr-Mo very well in the temperature range
2-300 °K.

The Cr-Fe alloy is more complicated. For one
thing its resistivity is considerably larger than that
of Cr-Mo. We suggest that a combination of local-
ized magnetic moments on Fe sites and atomic dis-
order produces a large spin-disorder resistivity
which is fairly temperature independent, even below
Ty. This magnetic contribution is lumped in with
the impurity resistivity. The resistivity model
was fit to the Cr-Fe data from 2 to 300 °K since the
data below 35 °K were anomalous. The 0°K energy
gap was 0.072 eV. Although the model does not
fit Cr-Fe as well as Cr-Mo, the important features
of the resistivity are reproduced, and rough es-
timates of the parameters can be made.

The balance of electrical conduction between the
magnetic and nonmagnetic parts of the Fermi sur-
face is almost the same in Cr-Mo as in pure Cr.
However, in Cr-Fe the balance is shifted toward
conduction on the magnetic surface, with consequent
enhancement of p below Ty.

Previous experimental estimates of the energy
gap in pure Cr are 0.13 eV°' and 0.14 eV, ® and in
Cr 8.6 at.% Mo, 0.091 eV.® Commensurate alloys
(e.g., Cr-Fe) were found to have a larger gap than
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incommensurate ones (e.g., Cr-Mo),® but we find
the converse. Nevertheless, over-all agreement
between ours and previous data is good.
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