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The magnetic properties of chromium alloys with small amounts of manganese (0.5% 0.74% 2.1%) and
vanadium (1.0%, 1.9%) have been investigated by neutron diffraction, and these results and others in-
volving higher manganese concentrations are compared with theoretical calculations by Tachiki and
Nagamiya. The addition of vanadium tends erst (1.0%) to destroy the long-range modulation of the moment

configuration and then rapidly to eliminate the magnetic moment of the system. The addition of manganese
progressively modi6es the temperature-dependent properties of the modulated-moment structure of pure
chromium and the temperature of the spin-Qip transition. Over a small composition range both the simple
antiferromagnetic and the modulated-moment structures appear to be stable. Above 2.1/& manganese only
the simple antiferromagnetic structure is observed. The changes in the magnetic properties of the alloys have
a qualitative relation to the theoretical calculations.

INTRODUCTION

INCH the early work of Shull and Wilkinson, ' who

~ ~

showed that metallic chromium is antiferro-
magnetic, it has become apparent in a number of later
studies' ' that the magnetic properties of this metal are
much more complicated than the early neutron-
diffraction measurements on powder samples had
indicated. Corliss, Hastings, and Weiss 6rst showed by
measurements on a pure single crystal that a long-range
modulation is superimposed on the otherwise simple
antiferromagnetic structure and that the Neel tem-
perature of their sample coincided closely with anom-
alies in other physical properties such as electrical
resistivity, magnetic susceptibility, specific heat, etc.
After the discovery of the modulated-moment type of
antiferromagnetism~ it was shown by Shirane and
Takei' that the long-range modulation in chromium
must be of this type over part of the temperature range,
at least, and not of the antiphase-domain type origin-
ally' ' proposed. This latter conclusion follows from
their determination of the absence of third-order
satellites in the neutron pattern. The conclusion is also
related to the existence of a spin-Qip transition in
chromium. Starting at the Weel temperature the spins
are perpendicular to the wave vector of the modulation
but at about 120'K the spins change their orientation
and lie along the wave vector. At the higher tempera-

tures a spiral-type structure is compatible with the
observations. ' The spin-Qip was first observed by Bykov
et a/. 4 although it was not originally interpreted as such.
Another experiment was performed by Wilkinson et ul.'
who concluded that no local magnetic moment exists
above the Neel temperature.

Several theories'~" have been proposed to explain
the unusual magnetic properties of chromium. They are
based on band-theoretical calculations, the most im-
portant feature of which is the relation between the
Fermi surface and the Brillouin-zone boundaries of the
band electrons. It is thus of interest to examine how the
magnetic properties are modiied by changes in the
Fermi level or the Brillouin-zone boundaries. As shown

by electronic specific-heat measurements" the intro-
duction of small amounts of Mn, Fe, and V into Cr
should change the Fermi level, but the Brillouin-zone
boundaries will be little changed since dilute alloys of
such elements with Cr retain the same bcc crystal
structure with almost the same lattice spacing. The
temperature at which the electrical resistivity shows an
anomaly in Cr is very sensitive to the amount and kind
of element added. This temperature is especially sensi-
tive to the addition of manganese and vanadium. In
Cr-Mn alloys, de Vries" has shown that 1 at.'Po of Mn
raises the temperature of the resistance anomaly. to
460'K, and Hamaguchi and Kunitomi" have shown
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TABLE I. Results of chemical analysis.

Sample

A (pure Cr)
a (Mn alloy)
C(@id.)
D(ibid. )
E(V alloy)
E(ibid. )

0.05
0.05

&0.05
0.05

Co

0,05
&0.05
&0.05

0.05

CU

0.005
&0.01
&0.01

0.01

0.03
0.02

&0.02
0.02

&0.02
&0.02
&0.02
&0.02

Alloying elements i%}
Ni Pb Sn

&0.02
&0.02
&0.02
&0.02

&0.01
0.01
0.01
0.01

V

&0.02
&0.01

0.2
0.01
1.06
1.93

Mn Fe

0.02 0.03
2.1 ~ ~ ~

0 74 o ~ ~

0 50 ~ ~ ~

0.1

that this temperature is raised to 800'K for a 48%
Mn-Cr alloy and that this temperature corresponds to
the Neel temperature T~. Below TN the magnetic
structure of Cr-Mn alloys" ' with 7 to 50% Mn is of
the simple form having no satellites near the (100)
superlattice line in the neutron-powder pattern. On the
other hand, in Cr-V alloys, 1% of V reduces TN to
220'Kts and in a 5% V-Cr alloy it is reduced below the
temperature of liquid N2."Also, Bacon' has shown that
a chromium single crystal containing 0.5% Fe and
0.16% Ni has a Neel temperature of about 26'C. It has
the same satellites as in pure Cr but does not show the
spin-flip transition down to 90'K, whereas pure Cr
shows this spin-flip at 120'K. The only way to deter-
mine magnetic structures of the sinusoidally modulated
or other complex types is by means of neutron diffrac-
tion, and it is therefore of interest to investigate by this
technique the effect of the alloying elements on the
magnetic structure of chromium and to compare the
results with the theory.

EXPERIMENTAL PROCEDURES

Since it is very dificult to obtain single crystals of
chromium containing known amounts of alloying
elements, this investigation was made on powder
samples. The constituents were melted together in an
argon-arc furnace and then 61ed and annealed at 1000'C
in a hydrogen atmosphere for about 72 h."A control
sample of pure chromium which was used as the host
material of the alloys was prepared in exactly the same
way. There was no trace of Cr203 in the neutron-
diffraction patterns of any of the samples, and the
control sample showed satellites below the Neel tem-
perature and the spin-flip transition at 120'K. The
intensity ratio of the main peak to the satellites and the
separation of the satellites also showed good agreement
with other results. ' '

The powder sample ( 13g) was contained in an
aluminum capsule of 4-in. diam which was mounted in
the cryostat of the spectrometer. Since it was difficult

to raise the temperature above 150'C in this apparatus,
the Neel temperatures of the alloys were obtained by
interpolation from the electrical-resistivity data. The
amount of the alloying elements and also the impurities
in the various samples were determined mainly by
spectroscopic analysis, " and the results are shown in
Table I.

The magnetic moment of each alloy was obtained by
normalizing the integrated intensity at liquid-N2
temperature to the value for pure Cr which was taken
as 0.40+0.02 p~.'

EXPERIMENTAL RESULTS

In the Cr-2. 1% Mn alloy no satellites are observed at
any temperature between 5 and 400'K which is close to
the Neel temperature of 520'K as determined from
the electrical-resist(ivity measurements. The integrated
intensity of the normal antiferromagnetic reflection
increases with decreasing temperature following closely
the Brillouin function for S=-,'. More accurate meas-
urements with a narrower Soller slit and long counting
times show no satellites at 78 or at 396'K and the line-
width of the (100) superlattice line is identical with the
(110) normal lattice reflection (Fig. 1).The alloys con-
taining higher concentrations of Mn in Cr, for example
7% Mn, 19.2% Mn, 25.3% Mn alloys, have no satellites
at room temperature. "It appears then that the mag-
netic structure of the Cr-Mn alloys with 2.1% up to
50% Mn content is of the simple antiferromagnetic type
with no long-range moment modulation. The magnetic

I I
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FiG. 1. Di8raction patterns of Cr-2. 1% Mn alloy.
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to appear. The intensities of the satellites reach a
maximum at about 140'K which corresponds to the
temperature of minimum intensity of the main (100)
peak. The ratio of the main peak intensity to the satel-
lite intensity at this temperature is 2:1, which is the
same as that in the pure Cr powder sample. The diBrac-
tion patterns of this alloy near the (100) superlattice
position are shown in Fig. 2. The separation angle of the
satellites at 142'K is about 2'12' which corresponds in
a sinusoidally modulated structure to a periodicity of
28.6 unit cells (Fig. 3). This periodicity is longer than
that of pure Cr at 120'K which is about 20 unit cells.
Unfortunately the temperature dependence of the

Fzo. 2. Diffraction patterns of Cr-0.5% Mn alloy. "From Low"
("From High" ) means that the sample is warmed up (cooled
down) from the low (high) temperature to the measuring tem-
perature.
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FIG. 3. Difference patterns between room temperature
and 120 I of Cr-0.5% Mn alloy.

moments and Neel temperatures increase, in this com-

position range, with increasing Mn concentration.
The magnetic structure of Cr-0.5% Mn alloy is quite

unusual. At or above room temperature it shows the
same simple structure as the 2.1/~ Mn alloy and the
associated magnetic moment is 0.50+0.04 p~. The peak
height and the integrated intensity of the (100) super-
lattice line were observed to increase with decreasing
temperature down to about 250 K. At temperatures
lower than 250'K, however, the peak height of the
(100) reflection begins to decrease and satellites begin
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Fzo. 4. Temperature dependence of intensities of Cr-0.5% Mn
alloy. Curves A, 3, and C are the extrapolation curves from the
room-temperature value based on a Brillouin function.

periodicity in this alloy could not be measured with the
powder sample. Below 250'K not only the peak in-
tensity of the main peak but also the total integrated
intensity of this peak and its two satellites begins to
decrease and has a minimum at about 140'K, as shown
also in Fig. 4. At 100'K one observes the same dift'rac-

tion pattern as at 142'K except for a slight increase of
the intensity of the main peak. At 78'K the intensity of
the satellites decreases and that of the main peak in-
creases, and at about 50'K the satellites disappear. At
liquid-helium temperature there is only one peak but
the peak height and the integrated intensity are smaller
than those at room temperature as shown in Fig. 4. The
extrapolated Neel temperature of this alloy is 375'K.
The curves A and 8 in Fig. 4 are the extrapolation
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FIG. 5. Diffraction patterns of Cr-0.74% Mn alloy.

curves from the room-temperature value obtained from
the Brillouin function with S= ~~. The extrapolated
values at liquid-helium temperature are about twice the
measured values. The magnetic moment obtained from
the integrated intensity at liquid-helium temperature
is 0.47 p~. If we had assumed that the lowest magnetic
phase is a sinusoidally modulated spin wave having the
spin direction parallel to the propagation vector, which
is the same as that of pure Cr at low temperatures, the
maximum amplitude of the spin wave is 0.67 p~ which
is in good agreement with the value of 0.68 p~ obtained
by extrapolation from the room-temperature measure-
ment.

The reQections also show a temperature hysteresis as
seen in Fig. 4. This suggests the coexistence of a high-
temperature pure antiferromagnetic phase and a low-
temperature sinusoidally modulated phase and also a
first-order transition between the two phases. From
these observations it has been concluded that in
Cr-0.5% Mn alloy there are three magnetic phases, a
high-temperature pure-antiferromagnetic phase, and
the two sinusoidally modulated phases, diGering in spin
orientation as in pure Cr. The critical temperature
between the lower two phases is less well defined than
in pure Cr. In pure Cr the satellites disappear over a
temperature range of about 10' at 120'K in the powder
sample, but in the Cr-0.5% alloy they disappear gradu-
ally over the range 100 to 45'K. In this temperature
range the peak pronle suggests the continuous rotation
of spin direction from one perpendicular to one parallel
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FIG. 6. Difference pattern between room temperature
and 128'K of Cr-0.74% Mn alloy.

to the propagation vector when the sample is cooling
down, and the integrated intensity decreases more
rapidly with increasing temperature than that expected
from the Srillouin function. The triangle marks of
integrated intensity and peak intensity in Fig. 4 are the
measured intensities at 77'K after cooling down to
4.2'K. They are higher than the values obtained when
cooling down from high temperatures. This may mean
the incomplete formation of coherent domains in the
cooling-down process even though this was carried out
over a period of more than 12 h.

In Cr-0.74% Mn alloy there are no satellites of the
(100) reflection in the room-temperature pattern and
the associated magnetic moment is 0.45+0.04 pg. The
peak profiles at several temperatures are shown in Fig.
5. The temperature dependence of the integrated
intensity, and the intensities at the maxima of the main
peak and a satellite peak are shown in Fig. 6. The
following differences are observed in the magnetic
behavior of the 0.74% Mn alloy and of the 0.5% Mn
alloy. In the 0.74% Mn alloy the satellites persist down
to 5'K which means that the spin-Rip transition is not
complete. The intensities of the satellites are less than
half of the main peak intensity even at its minimum
value, and the integrated intensity at 4.2'K is more
than half of the intensity determined by extrapolation
from the room-temperature value. If we assumed from
the data at 128'K that about a quarter of the integrated
intensity comes from the pure-antiferromagnetic struc-
ture and another three-quarters comes from the sinu-
soidal structure having a spin direction perpendicular
to the propagation vector, one obtains 0.66 for the ratio
of the measured integrated intensity at 5 'K to the
extrapolated value, and this is quite comparable to the
measured value of 0.55 for the 0.5% Mn alloy. This
evidence suggests the coexistence at the low tempera-
ture of two phases, a pure antiferromagnetic phase and
a sinusoidally modulated phase. In support of this is the
fact that the area of the hysteresis loop is larger than
that in the 0.5% Mn alloy, and in the cooling down
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the 50% Mn alloy. The sinusoidally modulated struc-
ture is still stable at low temperatures for Mn concen-
trations less than 0.5%. The low-temperature phase of
Cr is less stable than the high-temperature phase and
disappears in the 0.74% Mn alloy. The high tempera-
ture phase disappears in the 2.1% alloy.

We have also studied some Cr-V alloys which are of
interest because vanadium is to the left of Cr in con-
trast to Mn which is on the right in the periodic table.
In the Cr-1.0% V alloy, for which the Neel temperature
js estimated to be 220 K 5 8 from, the electrical
resistivity measurements there is observed a simple
phase from TN to 4.2 'K, the structure being the same
as for the high-temperature phase of pure Cr. The
di6raction pattern at 77'K and its diGerence pattern
from room temperature, are shown in Figs. 8 and 9. The
associated magnetic moment in this case is very small,
0.28+0.03 pg, and the separation of the satellites is
about 3'16', which corresponds to a periodicity of 13.2
unit cells. In the 1.9% V alloy, the diffracted intensity
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FIG. 7. Temperature dependence of intensities of Cr-0.74% Mn
alloy. Curves A and 8 have the same meaning as in Fig. 4.
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process the high-temperature phase persists to lower
temperatures than in the 0.5% Mn alloy.

From the evidence reported here the following con-
clusions can be drawn regarding the magnetic-structure
transitions in the Cr-Mn alloys. The magnetic structure
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On the basis of his theory of spin-density waves in a
free-electron gas, Overhauser" has been able to account
qualitatively for some of the unusual magne tic and
other physical properties of pure Cr. It appears, how-
ever, that this theory does not account for the stabili-
zation of spin-density waves of such large amplitudes
as occur in Cr. Tachiki and Nagamiya" have calculated
on a band. -theory basis the total energy of spin-density
waves as a function of the wave vector for different k ~
values. Their calculation is based on the suggestion of
Vosida" that the umklapp process in the periodic lattice
is essential for stabilizing the helical arrangement. They
have obtained the self-consistent relation

3K
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2e

FIG. 8. Diffraction patterns of Cr-l.0% V alloy.
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TAsLE II. Magnetic moment (pg).

Temperature

Room
Liquid ¹

Liquid H2
Liquid He

(extrapolation)

2.1%Mn

0.59(AZ,).
0.67 (WZ0)
0.67 (2Po)'

o.74%%uo Mn

0.45(A Po)~

0.54

0.50%%uo Mn

0.50(AFo)'

0.47 (A F2)b

0.68

Cr

0.40(AF )b

1% V

0.28(WZ, )
0.28(AF )'

1.9'%%uo V

&0.1
&0.1

a AFp'. pure antiferromagnetic.
b AFs.' sinusoidal, spin () propagation vector.
o AF1.sinusoidal, spin J propagation vector.

where U is the intra-atomic Coulomb integral, which
might be about 3 eV if the correlation eQects were taken
into account; g is the exchange potential of the electrons
due to atoms on a lattice point; and x=-,'[e(k+q+K)
—e(k)j, where e(k) is the unperturbed one-electron
energy. The actual calculation has been made with some
assumptions and the results are shown in Fig. 10, curves
1, 2, and 3. Each curve corresponds to different values
of k&, and the q value corresponding to the maximum
point of (er/e)f(q) means a stable wavelength of a
spin-density wave when 1/V is just below the maximum
of (1/E)g+(1/a). Prom this figure they have shown
that curve 2 corresponds to the magnetic structure of
pure Cr.

In the alloy systems of Cr-Mn and Cr-V the rigid-
band model appears to be the best approximation for
describing the electronic state of alloys as has been
shown by many experimentalI4 ' and theoretical"

curves it appears that the change of state due to the
alloying element is more sensitive to the q values than
the theory would indicate.

The experimental results show another more com-
plicated behavior in low-concentration Mn-Cr alloys.
In the 0.5/o Mn alloy there is a phase change from the
sinusoidally modulated structure to the purely anti-
ferromagnetic structure, and it seems to be a 6rst-order
transition. In the 0.74% Mn alloy, there is not only a
phase transformation at higher temperatures but also
even at 5'K the purely antiferromagnetic phases
coexist with the sinusoidally modulated phase. This

0.95

TAsLE III. Wave vector of sinusoidal modulation.

Sample

&2.1% Mn
0.74 sr 0.5%%uo Mn

pure Cr

0
46'
1'6'
1'38'

0.97
0.95
0.93

28.6
20.0
13.2

Wave vector
g (units of Periodicity

Separation 2s /a) (unit cells)

0.90

0
0 0.85

/ s~
/

5/

4/
/ /

results. The Cr-Mn alloys contain more electrons below
the Fermi energy and the Fermi level should be closer
to the Brillouin zone boundary for the (100) super-
lattice than in pure Cr. This might correspond to the
state of curve 1 in Fig. 10. In Cr-V alloys we have the
opposite situation, and it might correspond to the state
of curve 3. The experimental results show a fairly good
qualitative agreement with this theory. For the alloys
with more than 2% Mn a purely antiferromagnetic
structure with wave vector of magnitude 2s./a is stable
for all temperatures below T~. This is the situation
represented by curve 1. In the Cr-1% V alloy, the q
vector of the satellites has a magnitude 0.93&&2'/a,
which is shorter than that of pure Cr, which is 0.95
X2s/a. This is represented by curve 3. From these

"B.G. Childs, W. E. Gardner, and J. Penfold, Phil. Mag. 5,
1267 (1960)."L.P. Mattheiss, Phys. Rev. 134, A970 (1964).

0.80

0.75
0,74'1o Mn

IVo V Cl" 0.5'Vo Mn

0.050 0.(0 0.85 0.90 0.95 3.00
47q/27r

CURVES OF (EF/n)f(q) VERSUS q WHERE f(q) =()/N)Z &/i

&. 7r/okF ~1.000 17=0.5236 EF =4.519 m/m

2. 7r/okF = 3.0)5 n = 0.5007 E'F =4.387 m/m

3. w/akF 1.030 n = 0.4792 eF =4.260 m/m +

4. FOR Cr —0.5' Mn ALLOY

5. FOR Cr -0.74Vo Mn ALLOY

6. FOR Cr —2.)Vo Mn ALLOY

FIG. 10. Wavelength dependence of electronic energy in various
alloys. Arrow marks show the observed values of g.
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behavior is qualitatively explained by assuming curves

4, 5, and 6 between curve 1 and curve 2. Curve 4 cor-
responds to Cr-0.5% Mn alloy. At low temperatures, a
maximum point of g=0.96)&2s/a is more stable than
for other q values. %hen the temperature rises, the
other state with tt= 1&(2s/a becomes more stable.

Curve 5 corresponds to the 0.74% Mn-Cr alloy,
where we have two maxima of almost the same height.
Then even at 5'K two phases coexist with some popu-
lation and at high temperatures only the purely anti-
ferromagnetic phase becomes stable. Curve 6 cor-
responds to the 2.1% Mn-Cr alloy, where at q=27r/a
we have a maximum value of f(q), and hence at all
temperatures the purely antiferromagnetic phase is
more stable than the other phase. Several calculations
involving the band structure and the Fermi surface of
Cr's s' suggest that in the (100) direction in the recipro-
cal lattice electrons belong to I'25' which has a doubly
degenerate occupation near the first Brillouin zone
boundary. If we assume a two-band structure with one
band suitable for the simple antiferromagnetic struc-
ture and the other suitable for the sinusoidally modu-
lated structure, and with the temperature dependence
of the stability less intense in the former band than in
the latter, we obtain the curves 4, 5, and 6 by assum-

ing the proper distribution of electrons in the two bands.
To justify this assumption we must have a precise calcu-
lation based on the detailed band structure of Cr, but
it is almost impossible from the information we now
have.

The integrated intensities of the magnetic peaks near
the (100), (111),and (210) reflections in Cr and its
alloys show good agreement with the calculated values

based on the same magnetic form factor as that of
Mn'+. This means that the 3d electrons are associated
with the long-range ordering of the magnetic moments
in Cr and its alloys. It has been known that the 3d
electrons in Cr near the Fermi level are fairly free
electron-like. The magnetic moments in Cr alloys seem
to be explained by assuming that the 3d electrons having
a larger k than some ke, smaller than sr &( (2s/a) (100),
contribute to the self-consistent polarization, and the
magnitude of the polarization is proportional to the
energy gap produced by the spin modulation.

The magnetic phase diagram obtained from our
experimental results is shown in Fig. 11.The boundaries
are determined approximately from the neutron-
di6raction data except the boundary between the para-
and antiferromagnetic phase which is determined
from the electrical resistivity measurements. Recently
Komura and Kunitomi22 have made a neutron diGrac-
tion investigation of a Cr-0.45% V alloy. Their results
show very good agreement with our phase diagram.
That the two experiments were made with different host
materials, heat treatment and instruments might be
taken as a qualitative confirmation of our experimental
results on the Cr-V alloys also. The stable range of
AIis (see Fig. 11) is quite limited near pure Cr and at
low temperatures. It may be suggested that the AF2
phase is stabilized by a small magnetic anisotropy
of Cr 6,23

CONCLUSION

Magnetic structures of Cr and its dilute alloys with
Mn and V are very sensitive to the Fermi energy of
these metals. The theory of Tachiki and Nagamiya
gives a good qualitative explanation of their behavior,
but to explain the data in more detail it must be im-
proved by taking into account the detailed band
structure of the 3d electrons in Cr and its alloys. On the
other hand to obtain more quantitative experimental
results would require the use of single crystal alloys.
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