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de Haas-van Alphen measurements have been made on Cr-rich alloys with up to 2-at. Vp V
and 1-at.% Mn. In the crystals in which the antiferromagnetic wave vector q is incommensu-
rate with a reciprocal-lattice vector, the changes in three of the frequencies associated with
hole ellipsoids at N are consistent with changes in q, rather than with a geometrical change
in the size of the hole ellipsoids upon alloying. In the crystal in which q is commensurate
with a reciprocal-lattice vector, several frequency branches were observed. The angular
dependence of these branches is consistent with simple ellipsoid models of the Fermi surface.

I. INTRODUCTION

In recent years the antiferromagnetism of Cr has
been extensively studied and the experimental re-
sults are in agreement with an itinerant electron mod-
el of antiferromagnetism. In this model the elec-
tron gas acts collectively to produce a spatially
varying spin density with wave vector q which in
general is not commensurate with a reciprocal-lat-
tice vector.

The effects on the physical properties of Cr due
to alloying V, Mn, and other metals with Cr have
also been studied. The effect on the Neel tempera-
ture T„, for example, due to alloying V, Mn, and
Mo with Cr is shown in Fig. 1. It is seen that V
decreases the Noel temperature while Mn increases
T„.' " These two metals have a similar effect on
the magnitude of q. The changes in T& and q have
been interpreted as arising from a modification of
the Fermi surface (FS) of Cr due to alloying. ' Since,
as shown in Fig. 1, as little as 4-at. 1 V in Cr low-
ers TN below 4K, one may be able to observe the
modified FS of Cr in the paramagnetic state.

Lomer' ' first proposed a model of the FS of
Cr and suggested that the anitferromagnetic state
was stablized by flat portions of the FS. Loucks'
calculated the FS of Cr using an augmented-plane-

wave method, and his result for the (100) plane is
shown in Fig. 2. Loucks did not find hole ellipsoids
at N (shown by dashes in Fig. 2), although experi-
mental evidence" indicates they are present. The
flat portions of the hole octahedron and body of the
electron jack are separated by q = (2v/a) (1 —5),
5-0. 05.

One method used to determine the FS of a metal
is the de Haas-van Alphen (dHvA) effect. dHvA
measurements have been made on pure Cr in a sin-
gle-q state. " Experiments have shown that usually
there are three spin-density wave vectors present
in a Cr crystal. However, if the crystal is cooled
through T„ in the presence of a large magnetic field
(field cooling) the crystal will contain only one q. M

The resulting dHvA spectrum obtained from a crys-
tal with single q is quite complex, and not all of the
observed branches in the spectrum have been in-
terpreted. dHvA measurements in Cr-alloy crys-
tals' will provide more insight into the FS and
antiferromagnetic state of Cr. In the present pa-
per, we report the first detailed FS measurements
on a series of antiferromagnetic Cr-V and Cr-Mn
alloys.

II. EXPERIMENT

The dHvA samples were prepared from single- or
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FIG. 1. Change in Neel
temperature Tz due to alloy-
ing V, Mn, and Mo with Cr.
TSF is the spin-flip tempera-
ture. Tco is the temperature
at which q changes from being
incommensurate with the
chemical lattice (or oscilla-
tory) to being commensurate
with the chemical lattice.
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bicrystal ingots grown in the Ames Laboratory.
The impurity concentrations were determined by
chemical analysis and found to be 2. O-at. % V,
l. 02-at. % V, 0. 58-at. % V, 0. 2-at. % V, 0. 09-at. %

V, 0. 03-at. % Mn, 0. 04-at. % Mn, 0. 16-at. % Mn,
0. 45-at. % Mn, and 0. 91-at. % Mn. The residual
resistance ratio (RRR) of the Cr starting material
was approximately 300 while in the 2. 0-at.% V
sample the RRR was approximately 11. All of the
dHvA samples were determined to be single crys-
tals by back-reflection Laue photographs.

The dHvA signal was observed by using a field-

modulation technique. " The apparatus has been
previously described by Stone' and Hoyle. The
amplitude of the dHvA signals at high fields varied
from 2000 p. V p-p in pure Cr to about 10 p. V p-p in
the 2. O-at. % V sample. The small-amplitude mod-
ulating field produces harmonics of the oscillatory
magnetization of the Cr samples. The amplitude
of the nth harmonic of the magnetization is propor-
tional to a Bessel function of order n. The argument
of the Bessel function is 2m(5H/f), where 5H is the
amplitude of the modulating field and f is a dHvA

frequency. Hence, by varying the amplitude of the

FIG. 2. I ouck's calculation
for the FS of Cr in a (100)
plane. Experimental evidence
indicates the presence of hole
pockets at N although they are
not present in Louck's calcu-
lations. The spin-density
wave vectors q = (2~/a) (1—~)
[001] and q*= (27)/a)(1+6)
[001] are also shown.
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modulating field, one can either enhance or cancel
out a particular dHvA frequency. The argument
was adjusted to give maximum amplitude for the
second harmonic signal of the (4-6)&& 106-G dHvA
frequency in the incommensurate samples. In the
commensurate crystals, the amplitude of the modu-
lating field was adjusted for maximum amplitudes
of the (10 and 20) x 108-G dHvA signals. The mag-
netic field was obtained from a compensated Varian
superconducting solenoid with a maximum field of
62 kG and inhomogeneities on the order of 10 in
the sample region. The magnetic field was mea-
sured with either an aluminum or fluorine nuclear-
magnetic-resonance probe, depending on the
strength of the field.

An attempt was made to field cool the dHvA sam-
ples so that data could be taken with H parallel to
q, and H perpendicular to q and parallel to a (100)
axis. After the crystals had been cooled through
T„ in a large magnetic field along a (100) direction
(the "q" direction), ten or more field sweeps were
made for H parallel to q and H perpendicular to q.
The dHvA oscillations were digitally recorded on
punched paper tape and later computer analyzed us-
ing a fast-Fourier algorithm described by Cooley
and Tukey. ' Frequencies which consistently ap-
peared in the dHvA spectrum were averaged to-
gether with an rms deviation of 0. 5%. If the aver-
aged frequencies for H parallel to q and H perpen-
dicular to q were different, then the crystal was
considered to be field cooled. On this basis the
pure-Cr, 0. 09-at. % V, and 0. 58-at. /p V samples
appeared to be field cooled.

Recent optical data of Bos and Lynch indicated
that a crystal with 0. 94-at. % Mn had a q which was
commensurate with a reciprocal-lattice vector. The
relative simplicity of the dHvA spectrum observed
in the 0.91-at.% Mn sample indicated that this crystal
was probably in the commensurate state. In this
sample the dHvA data were taken as a function of
crystal direction in a magnetic field of 40-57 kG,
which corresponds to approximately 150-200 oscil-
lations in the data for signals in the (18-28)&& 106-G
range.

III. RESULTS AND DISCUSSION

The discussion of the data will be divided into
two sections. Section IIIA mill discuss the data ob-
tained from alloys in the incommensurate state
while Sec. III B mill discuss the data obtained from
an alloy sample believed to be in the commensurate
state.

A. Incommensurate State

Many frequencies were observed in each of the
samples for the two crystal directions along which
data were taken. Inspection of the data showed that
the changes in two frequencies could easily be fol-
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FIG. 3. dHvA frequencies measured along [100] as a
function of alloy concentration. The three frequencies
arise from different truncations of the hole ellipsoids by
the magnetic superlattice (see Ref. 15).

lowed, and that they correspond to the two branches
labeled f by Graebner and Marcus. It was also
possible to identify frequency q in the pure-Cr,
0.09-at. % V, and 0.58-at. % V samples. The change in
dHvA frequencies P and g as a function of alloy concen-
tration is shown in Fig. 3. It was assumed that
frequencies lying close to the solid lines for the
samples which were not field cooled also represent
the frequency changes in P and q. In the case of f,
this assumption is probably correct since for HIIq

there are no frequencies in this region. For p this
assumption may be questionable since there are
frequencies in this region for HIIq. dHvA frequen-
cies were also observed in the 1.O-at. % V and
2. O-at. % V samples, but it was not possible to cor-
relate these frequencies with those in pure Cr since
the two samples were not field cooled.

The dashed lines in Fig. 3 show the calculated
frequencies as a function of alloying, assuming that
the size of the hole ellipsoids does not change with
alloying but that only q changes. That is, we as-
sume that the orbit trajectories change with alloy-
ing only because of changes in the periodicity of
the antiferromagnetic spin-density wave. This
magnetic periodicity introduces new Bragg-reflec-
tion planes ("super- zone-boundaries" ) which qual-
itatively change the electronic orbits. For the
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calculation the dimensions of the hole ellipsoids
determined by Graebner and Marcus (0. 173, 0. 234,
and 0. 268 A

' for the semiaxes along the direc-
tions NU, NI', and NP, respectively)' and the
change in q with alloying measured by Komura
et al. were used. Since the calculated frequency
for pure Cr differed slightly from the measured
value, the calculated frequencies for pure Cr were
normalized to the experimental values. The solid
lines in Fig. 3 are the calculated dHvA frequencies
for the alloys normalized to the experimental fre-
quency measured for pure Cr.

The result of the normalization procedure was to
use the conversion factors 109.3, 110.6, and 109.7
instead of the proper value 104. 8 to convert areas
in A to frequencies in 10 G. The discrepancy be-
tween the calculated and measured frequencies
probably arises since the truncated FS pieces used
in the calculations have sharp edges, while those
of the real FS pieces are probably slightly rounded.

The data for f and g are seen to be in agreement
with the assumption that the size of hole ellipsoids
does not change with alloying. The change in P and

p can be explained by a change in the truncated FS
piece due to a change in q.

The rigid-band theorem assumes that the form of
the density-of-states curve [N(E) as a function of E]
in an alloy system does not change with alloying and
that N(E~) changes due to a change in the electron-
to-atom ratio. The magnetic properties, i. e. ,
T„and q. of Cr-V-Mn ternary alloys are in agree-
ment with the rigid-band theorem. A calculation
using Heine's method to determine the expected
change in the dHvA period with alloying is of the
wrong sign and is approximately four times smaller
than the observed change in the lower & frequency.
Since the f frequencies are associated with a hole
piece, it might be expected that f increases with
the addition of V. In contrast, our data show that
the f frequencies decrease.

The assumption that the geometrical size of the
hole ellipsoids does not change with alloying is con-
sistent with the data. In the tight-binding 3pproxi-
mation which has been used in analyzing specific-
heat data on the transition-metal alloys, the major
contribution to the density of states in these alloys
comes from the d bands, and the s bands give a
constant contribution. In the Cr alloys this is con-
sistent with the observed magnetic properties which
depend on d-like parts of the FS and is also consis-
tent with our data, since in this approximation the
s-like FS pieces would remain relatively unchanged.

A second explanation for the consistency of the
assumption with the data based on the band struc-
ture of Cr is that alloying changes the Fermi ener-
gy relative to the bands but the size of the hole ellip-
soids does not change significantly. For example,
using the band calculations of Asano and Yama.-

shita, one can estimate that 0. 5-at.% p impurity
changes the size of the hole ellipsoids less than 3/g.

Since in the incommensurate state one measures
only truncated pieces of the hole ellipsoids and not
the entire ellipsoid, the experiment is not very
sensitive to a 3% change in the total size of the hole

ellipsoids.

B. Commensurate State

Although the data in Fig. 1 are not complete
enough, the recent optical data of Bos and Lynch reveal
that the alloy Cr-0. 94-at. % Mn exhibits antiferro-
magnetism which is commensurate with the chemi-
cal lattice at low temperatures. In the commensu-
rate state the number of energy gaps should be small-
er than the number of energy gaps in the incommen-
surate state. Because commensurate antiferro-
magnetism exhibits periodicity twice that of the
chemical lattice, the occurrence of energy gaps can
be investigated by calculating the energy bands for
Cr in a simple-cubic Brillouin zone. Asano and
Yamashita have shown that the energy bands for
the commensurate state can be obtained by remap-
ping the paramagnetic energy bands calculated for
a bcc zone into a simple-cubic zone. Energy gaps
occur where bands of the same character intersect.
They find an energy gap that is associated with the
disappearance of large portions of the body of the
electron jack and the hole octahedron. Their cal-
culations also show that energy gaps occur in the
hole ellipsoids at N and at the balls of the electron
jack, at the points where these pieces are connected
by q, the spin-density wave vector.

The data for the 0. 91-at.70 Mn crystal are shown in
Figs. 4 and 5 for the (010) and (110)planes, re-
spectively. The data in Fig. 4 represent the aver-
age of dHvA signals from three separate runs, and
hence there is less scatter in the data points than
in Fig. 5, which is from just one run. The peaks
in the dHvA spectrum had intensities of 100-300
relative units in the frequency range (10-13)x106 G,
500-5000 relative units in the (18-20) && 10 -G range,
and 50-100 relative units for frequencies near 22. 8
& 10 G. The increasing frequency branches start-
ing at 10. 2 &10 G at [001]could be followed easily
for + 50' in any direction from [001]. The decreas-
ing frequency branch starting at 17&&10 G at [001]
had small amplitudes (- 50 relative units} and could
not be as easily followed, as indicated by the scat-
ter in the data. It is possible that these are not
real frequencies, considering their weak amplitudes
compared to the amplitudes of the signals near
10. 2 and (18-20)&10~G. Inthe (110) planethelow-
er branch is not continuous through [110]and the
relative amplitudes of the decreasing higher branch
are the same as in the (010) plane. The solid lines
represent the angular frequency variation of the
function Ao/(I-B tan 6), which qualitatively fits the
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of crystal direc-
tion in the Cr—
0.91-at. %Mn sam-
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data. No special significance is attached to this.
In the high-frequency region [(18-23)x 10~ G] there

were several distinct frequency branches. The
strongest signals are represented by boxed points.
The less intense signals in this region were usually
stronger than the strongest signals in the low-fre-
quency region [(10-1V)x 10~ G]. Each of the field
sweeps contained 150-200 dHvA oscillations with
a resolution of approximately 0. 5%. Assuming an

ellipsoid of revolution model and using the frequen-
cies (18.5 and 20. 4) x 10 at [001], the angular fre-
quency variations were calculated for three pairs
of ellipsoids of revolution on the (100) axes. The
calculated results are indicated by dashed lines in
Figs. 4 and 5. These lines account for the strong-
est signals and also for the angular-independent
frequency of 18. 5x10~ G (associated with a cir-
cular cross-sectional area).
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The less intense frequencies in the high-frequen-
cy region exhibited an angular dependence similar
to the p frequencies associated with the hole ellip-
soids in tungsten. " The lowest frequency (18. 5
& 10 G) at [001]and the lowest and highest frequen-
cies [(19.4 and 22. 9) &&10e G] at [101]were assumed
for the three principal cross-sectional areas of an
ellipsoid. The angular frequency variations for
six pairs of ellipsoids at N in the bcc Brillouin zone
were calculated and are shown by solid lines in

Figs. 4 and 5. Notice that the data points in the
(110)plane (Fig. 5) are not in as good agreement
with the calculated curves as those in the (100)
plane (Fig. 4). The agreement between the data
points and the solid lines is considered reasonable.

ln the (110) plane, the strongest signals have a
maximum deviation of about 2% in the (111)direc-
tions from the curves calculated for a regular ellip-
soid. One gets reasonable agreement between the
angular variation of the data and the two curves
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FIG. 6. Possible shape and orientation of the six
remnants of the hole octahedra after the magnetic inter-
action occurs.

which intersect at 20. 9 &&10' G at [001] if the curves
are shifted down to 20. 4~10 G. Perhaps this is
an indication that the ellipsoids are distorted.

We suggest that the regular ellipsoids are as-
sociated with the hole ellipsoids at N(M), the ellip-
soids of revolution with the same electron pieces
at X, and the low-frequency signals with the re-
maining pieces of the hole octahedron after the anti-
ferromagnetic interaction. The latter are conjec-
tured to be remnants of the tips of the hole octa-
hedra which are adjacent to the electron jack along
I'H.

Several arguments can be made for the identifica-
tion of the low-frequency branches with the rem-
nants of the hole octahedron. First, the angular
dependence of the increasing branch (starting at
10. 2 &&108 G) is the same in both the (010) and (110)
planes to within the experimental accuracy, sug-
gesting circular symmetry about a (100) axis. The
small amplitude of the signals suggests a large
effective mass which could be due to holes in the
d bands which have small mobilities and/or a large
radius of curvature of the FS, both of which could
be true for the remnant pieces. Finally, if the
remnants are imagined to have the shape and orien-
tation shown in Fig. 6, one can understand the ab-
sence of a third branch in the low-frequency re-
gion. The remnant along [010]always has an orbit
around the flat face and hence a large effective
mass. This branch would be very difficult to ob-
serve.

Graebner has suggested that the low-frequency
branch is due to a truncation of the hole ellipsoids
by the spin-density wave which results in two pieces
of the FS. In his model the larger of these pieces
gives rise to dHvA signals in the high-frequency re-

gion [(18-23)& 10 G], while the smaller piece gives
rise to signals in the (10-17)&&10 -G region. How-

ever, unless fortuitous degeneracies occur in the
FS, there should be three branches of the low-field
data [(10-17)x106G] inthe (010) plane, while only
two branches are observed; also, the angular data
should be continuous, whereas the observed data
are discontinuous in the vicinity of [110]in the (110)
plane. It is interesting to notice that our Cr-0. 91-
at. /0 Mn data agree well with Graebner's data from
a Cr-1. 7-at.% Mn sample. We note that both
samples exhibit commensurate antiferromagnetism,
but beyond this offer no explanation for this agree-
ment. To within experimental error, the data ap-
pear to be consistent with both Graebner's and our
interpretation.

The FS dimensions calculated using the ellipsoid
models are 0. 218, 0. 257, and 0. 270 A ' along the
lines 34H, MI', and MR, respectively, for the reg-
ular ellipsoids and 0. 225, 0. 249, and 0. 249 A ' for
the Xl direction and directions perpendicular to
XI', respectively. The regular ellipsoids are ten-
tatively identified with the hole ellipsoids, while
the ellipsoids of revolution are thought to be asso-
ciated with small electron pieces at X. These di-
mensions, along with the results of Asano and
Yamashita's calculations, are shown in Fig. 7.

IV. CONCLUSIONS

The dHvA data for incommensurate and commen-

f', H

FIG. 7. FS pieces determined from the data on the
Cr-0. 91-at. /&Mn sample are shownby solid lines. The FS
calculations of Asano and Yamashita are shown by the
dashed lines.
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surate antiferromagnetic Cr-rich alloys are further
evidence for the existence of hole ellipsoids in Cr.
The data from the incommensurate alloys can be
interpreted on the assumption that the size of the
hole ellipsoids does not change for small impurity
concentrations. The dHvA frequency changes are
then consistent with changes in q due to alloying.

In the case of the commensurate alloy, the pres-
ent data are in reasonable agreement with the cal-
culated frequency variations of a regular ellipsoid
(hole ellipsoids) and an ellipsoid of revolution (elec-
tron pieces). Also, the data are consistent with

the existence of remnants of the hole octahedron.
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