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Magnetism in the spin-density-wave alloy Cr, „Mn„(x=O.O07)
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Neutron-scattering measurements characterizing the magnetic behavior of single-crystal Cr, „Mn„
(x=0.007) are reported. Four distinct phases are observed: paramagnetic, commensurate spin density
wave (SDW), transversely polarized incommensurate SDW, and longitudinally polarized incommensu-

rate SDW. Transitions between these phases occur at T& =455 K, T«=182 K, and TsF =85 K, respec-
tively. A revised phase diagram for the Cr, „Mn,alloy system is presented in light of these data.

INTRODUCTION

The rich antiferromagnetic behavior of chromium and
its alloys has attracted a great deal of interest in recent
years. ' The [Ar]3d 4s ' electronic configuration and bcc
crystal structure of pure chromium metal result in a band
structure whose major components in reciprocal space
are an electron octahedron 4, at the zone center I and a
somewhat larger hole octahedra St, located at the I100I
corners H of the Brillouin zone. Though the size
mismatch between these octahedra prohibits the com-
mensurate mapping of eV, onto St„large portions of these
surfaces can be "nested" via the incommensurate vectors
Q+=(1+5,0,0) or Q =(1—5,0, 0) as shown in Fig.
1(a). This nesting, in combination with the Coulomb at-
traction between electrons and holes, results in a weakly
first-order ' transition to an incommensurate, transverse-
ly polarized spin-density-wave (TSDW) phase below the
Neel temperature Tz =311 K. A second first-order tran-
sition, to a longitudinally polarized spin-density-wave
(LSDW) phase, occurs at the spin-fiip temperature
TsF 121 K.

The addition of electrons to pure chromium, by alloy-

ing with either manganese or rhenium, increases the size
of S, relative to eVt, . For dilute Cr, „Mn„alloyswith
compositions x below the triple point concentration,
x„=O.3'Fo, this improved nesting results in an increase in
the Neel temperature and a reduction in the magnitude of
the incommensurate offset, 5. The character of the mag-
netic phase transition changes dramatically at higher Mn
concentrations; as x &x„,the incommensurate parame-
ter 5 falls discontinuously to zero as shown in Fig. 1(b}
and the SD% phase observed below T~ is commensurate
with the crystal lattice. Although the free energy in this
doping regime favors a commensurate transition,
remains smaller than 4'I„and at lower temperatures, if x
is less than —1.4%, a first-order and strongly hysteretic
transition occurs at the commensurate-incommensurate
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FIG. 1. Nesting of electron I and hole H Fermi surface oc-
tahedra in (a) pure Cr and (b), {c) Cr, Mn„. The dissimilar
size of these two surfaces in pure Cr results in nesting that is in-

commensurate at all temperatures below T&. In Cr, „Mn,for
x ~0.3%, the nesting vector, and consequently the resulting
spin-density-wave phase, are commensurate (b) with the crystal
lattice below the Neel transition T~. At lower temperatures,
provided x ~ 1.3%, the free energy of Cr, Mn favors a tran-
sition to incommensurate nesting (c).
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(IC) transition temperature T,c to an incommensurate
phase as shown in Fig. 1(c). At higher Mn concentra-
tions, the free energy associated with the commensurate
phase is less than the incommensurate free energy at all
temperatures and no commensurate-incommensurate
phase transition is observed.

The magnetic dynamics of Cr& Mn„alloys have yet
to be studied in detail. Efforts are currently underway to
(1) study the impact of electron (Mn) doping on the
unusual energy and polarization dependence of the mag-
netic excitations observed in the ground state of pure
chromium, (2) investigate the role magnetic dynamics
play in the commensurate-incommensurate transition,
and (3) compare the paramagnetic dynamics of
Cri „Mn„alloyswith the results of Noakes et al. 9 in

pure Cr and the hole-doped alloy system Cr& V
These questions are complicated, below TN, by the

body-centered-cubic symmetry of chromium and its al-
loys, which results in the formation of three distinct Q
domains, shown in Fig. 2(a). Scattering from the six in-
commensurate magnetic satellites associated with these Q
domains is diScult to resolve, since the separation be-
tween satellites is comparable to normal spectrometer
momentum resolutions. ' In pure chromium, a single-
domain or single-Q sample, with elastic magnetic peaks
at Q+=(1+5,0,0), can be produced by cooling through
T~ with a sufliciently strong magnetic field applied along
the [100] crystal axis as shown in Fig. 2(b). This single-

Q preparation greatly simplifies both the acquisition and
analysis of neutron-scattering data. However, so far,
very little information exists on the applicability of field
cooling to Cr alloys, "particularly those with commensu-
rate transitions.

An additional source of confusion in the study of
Cr, „Mn„is the diSculty associated with homogeneous
sample preparation. In particular, some uncertainty ex-
ists in the literature, as may be seen in the magnetic
phase diagram given in the review by Fawcett et al. , re-
garding the phase boundaries separating the paramagnet-

ic, commensurate SDW, and incommensurate TSDW and
LSDW phases at Mn concentrations beyond the tricriti-
cal point.

Following a brief experimenta1 description, we present
elastic scattering measurements characterizing a large
single Cr, „Mn„(x=0.007) crystal to be used in future
inelastic work. These data are used to construct a revised
magnetic phase diagram for this system. Attempts to
produce a single-Q sample both by field cooling through
the paramagnetic-commensurate transition at TN and by
field cooling through the commensurate-incommensurate
temperature T&c are also discussed.

EXPERIMENTAL CONDITIONS

The Cr, „Mn crystal used in these measurements, re-
ferred to below as CrMngl, was grown by an arc zone
method at the Materials Preparation Center of Ames
Laboratory. An initial Mn concentration of x =0.73%
was used in the melt. The Mn concentration of the
finished crystal was determined by means of standard x-
ray fluorescence techniques. The measured concentration
x =0.7% was found to be fairly uniform over the entire
surface of the sample. This reduction from the "as-
grown" Mn concentration can be attributed to high Mn
vapor pressures present during crystal growth. The sam-
ple has a 1.0' full width at half maximum (FWHM) mosa-
ic and dimensions —1X1X4cm .

The measurements were performed on the H4M
triple-axis spectrometer at Brookhaven National
Laboratory's High Flux Beam Reactor. The (002)
reflection of pyrolytic graphite was used to monochro-
mate and analyze the incident and scattered neutrons. A
pyrolytic graphite filter was used to remove higher-order
(A, /n) contamination from the scattered beam. All mea-
surements were done using a 40'-40'-S-40'-40' collimation
configuration and unpolarized neutrons with a fixed final
energy of Ef =14.7 meV.

Prior to the measurements presented below, the sample
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FIG. 2. Reciprocal space showing magnetic
(arrow heads) and nuclear (circles) Bragg
reflections in (a) polydomain- and (b) single-Q
Cr. The gray and black circles shown in the
(hkO) scattering plane (c) indicate the two dis-
tinct Q domains in an incommensurate, poly-
domain sample accessible in this scattering
geometry. Finite spectrometer resolutions al-
low the satellites above and below the plane to
contribute to the observed scattering intensity
at the commensurate positions (open circles).
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was field cooled from paramagnetic temperatures T )500
K into the commensurate SDW phase at room tempera-
ture with a 14-T field applied along the (h00) axis. The
sample was then remounted in a closed-cycle He refri-
gerator with the (OOI) axis normal to the scattering plane
to allow the study of momentum transfers ir C(hkO). Ad-
ditional measurements, to test the feasibility of producing
a single-Q phase by field cooling through the IC transi-
tion, were made using a How cryostat with an integral su-
perconducting magnet capable of applying a 6-T field
normal to the (hkO} scattering plane.

ELASTIC RESULTS

Generally, the dependence of the elastic magnetic
neutron-scattering cross section, '

r

dQ
—~k x I At(~) xkI ~' )

on the Fourier transform of the magnetization,

JM(k)= j(M(r))e'"'dr,

allows only magnetic moments normal to the neutron
momentum transfer z =k; —kf to contribute to the mea-

sured scattering intensity. In the incommensurate phases
of chromium alloys, the elastic intensities measured at sa-
tellites with nesting vectors parallel and nearly perpen-
dicular to a, i.e., at the (1+5,0,0) and (+5, 1,0)
reflections shown in Fig. 2(c), can be used together to
determine the polarization of the magnetic state.
Neglecting variations in the magnetic form factor due to
slightly different momentum transfers, the expected ra-
tios of the elastic satellite intensities for the transversely
and longitudinally polarized phases are
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scattering plane, Fig. 2(c), indicating that a single-Q sam-
ple cannot be produced by field cooling through T~ to
the commensurate phase in a 14-T field or that such a
commensurate single-Q state relaxes when the field is re-
moved. Additional efforts to field cool the sample
through the IC transition, with a 6-T field normal to the
scattering plane, also failed to yield any Q-domain imbal-
ance.

In Fig. 3 we show the results of longitudinal (L) scans
along Q=(Ok0} and transverse (T) scans along Q=( lkO)
at T=220, 140, and 38 K. The data at 220 K are
representative of our scattering results in the commensu-
rate phase at temperatures well below TN. The widths of
both spectra reflect the spectrometer resolution and, in
the transverse scan, the mosaic of the crystal. The rough
equality of the intensities observed in the L and T scans
results from the polydomain structure of the sample. At
140 K, the -2:1 ratio of the L and T satellite intensities
is consistent with the TSDW phase polarization depen-
dence presented in Eq. (1) above. The remaining com-
mensurate scattering at this temperature is an artifact of
the large vertical acceptance of the spectrometer and
scattering arising from the (0, k, +5) and (1,0, +5) satel-
lites above and below the scattering plane. At 38 K the
polarization of the SDW lies parallel to the nesting vec-
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These ratios are independent of magnetic domain struc-
ture as the incommensurate scattering at a given satellite
is readily identified with a particular nesting vector, that
is, a given Q domain. Experimentally, accurate quantita-
tive comparison of intensities is limited as measurements
of different magnetic satellites sharing the same domain
require changing the orientation of the sample with
respect to the incident and scattered beams. Nonideal
sample geometry, variations in sample mosaic, extinction,
and macroscopic Mn inhomogeneities can each affect ob-
served intensities.

The temperature dependence of the magnetic scatter-
ing from CrMngl was studied via longitudinal scans
along (h00) and (OkO) and transverse scans along (6 10)
and ( lkO). As discussed above, an attempt was made to
field cool the sample through T~, to produce a single-

Q~~[100] commensurate SDW (CSDW) phase, a day be-
fore the neutron-scattering measurements commenced.
After removing the field in the CSDW phase, the sample
was cooled below T,c to check the resulting domain
structure. Comparable scattering intensities were found
at the two magnetic domains accessible in the (hkO)
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FIG. 3. Longitudinal and transverse data in the commensu-
rate spin-density-wave (SD%) (220 K), transversely polarized
incommensurate SDW (140 K), and longitudinally polarized in-

commensurate SD%' (38 K) phases. The commensurate intensi-

ty in the incommensurate phases is primarily due to scattering
from the (0, 1,+5) and (1,0, +5) satellites and the large vertical
acceptance of the spectrometer. A small fraction of this scatter-
ing is also due to commensurate, Mn-rich impurities in the sam-

ple.
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tors and essentially no satellite scattering is observed in
the longitudinal scan. In contrast, the longitudinally po-
larized moments fully contribute to the satellite intensity
in the transverse data. Again, the commensurate intensi-
ty in these scans can be attributed to scattering from the
satellites above and below the scattering plane. The resid-
ual incommensurate intensity visible in the longitudinal
data indicates that a small, Mn-rich, portion of the crys-
tal remains in the TSDW phase at this temperature.

The temperature dependences of the commensurate
and incommensurate integrated intensities resulting from
Gaussian fits to the (0, Ii, 0) (L) and (l, h, 0) (T) scans are
plotted in Fig. 4. The high-temperature data in the top
panel of the figure (+s) are from experiments performed
on CrMngl at MURR. These data indicate that the
majority of CrMngl undergoes a paramagnetic to a
CSDW transition at Tz =455 K. Some additional scatter-
ing, due to Mn-rich portions of the sample, remains
present at temperatures above TN. This scattering de-
creases with increasing temperature and disappears en-
tirely above 500 K. Below Tz, the commensurate intensi-
ties at (1,0,0}and (0,1,0}continue to grow in step. At tem-
peratures below T-310 K, scattering is also visible in
the incommensurate transverse data at (1,5,0) (lower
panel). This scattering can be ascribed to Mn-poor
(x -0.3%) regions in the sample. The intensity resulting
from these regions represents 11% of the maximum in-
tensity observed at this satellite. The absence of similar
scattering at other satellite positions is due to a misalign-
ment of these regions with the bulk of the crystal.

36

The magnetic scattering at the incommensurate satel-
lite positions develops abruptly below the IC phase tran-
sition. Again, the ratio of the longitudinal (J) and trans-
verse (0) scattering intensities measured in this phase is
in rough agreement with the TSDW polarization depen-
dence presented in Eq. (1). The finite intensities visible at
the commensurate positions (1,0,0) and (0,1,0) result froin
the out-of-plane satellites. As reported by Geerken
et al. , the IC transition in small, homogeneous
Cr& Mn„crystals with Mn concentrations of
x =0.45% and 0.70% is first order and hysteretic. In
Fig. 5 we show the evolution of the (0, 1 —5,0) satellite
intensity on cooling and heating the sample, over a 12-h
period, through the IC transition. Though the distribu-
tion of Mn concentrations results in a broad transition, a
large fraction of the sample clearly shows a sharp transi-
tion on cooling at T,c =182 K. The hysteresis associated
with this transition, hT-20 K, is also consistent with
the behavior observed by Geerken et al. and several oth-
er authors.

CrMng 1 evinces a spin-flip transition at Ts„=85 K.
The longitudinal polarization of this low-temperature
phase is clearly demonstrated in the approximate dou-
bling, relative to the TSDW phase, of the transverse scan
intensity and absence of scattering in the longitudinal
data. The residual scattering evident at (0, 1+5,0) again
results from the Mn-rich regions of the sample that
remain transversely polarized at low temperatures. The
intensity of this scattering indicates that these regions
constitute -5% of the total sample volume.

The temperature dependence of the incommensurate
wave vector Q =(1—5,0,0) is presented in Fig. 6. For
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FIG. 4. Integrated intensities at the commensurate and in-
commensurate positions. The ratios of the longitudinal (0) and
transverse () intensities at the satellite positions re8ect the po-
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FIG. 5. Twelve-hour hysteresis loop of the (0, 1 —5,0) in-
tegrated intensity at the commensurate-incommensurate transi-
tion.
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comparison, the temperature dependence of Q in pure
chromium, measured by Werner, Arrott, and Ken-
drick, ' is also shown. In CrMngl, the base tempera-
ture value of 5, 5(0)=0.0383(3), remains constant up to
T =105 K. 5 then decreases with increasing temperature
to reach a value of 5=0.0305(3) just below T,c. Similar
behavior was observed by Fawcett, Griessen, and Vet-
tier, ' who attributed the sharp break in the slope of the
5(T) curve at T=150 K in their Cr, „Mn„(x=0.005)
sample to pinning of the SDW by impurity atoms at
lower temperatures.

The transition temperatures separating the magnetic
phases observed in CrMngl, T~=455 K, T,&=182 K,
and in particular, the occurrence of a spin-flip transition
at Ts„=85K, indicate that the Cr, „Mn„phasedia-

gram published in the review of Fawcett, Griessen, and
Vettier requires modification. A revised diagram of the
temperature and doping dependence of the magnetic
properties of Cr&, Mn„,constructed with the results of
our measurements and additional data from the litera-
ture, is presented in Fig. 7. As is evident from the figure,
our values for T~ and T&c are consistent with earlier

Cr&, Mn„work. However, the spin-flip transition tem-

perature we observe is sharply at odds with the earlier
work at Koehler et al. The comparatively high spin-flip
temperature extracted from the data of Fig. 4 demon-
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FIG. 7. Phase diagram of Cr& „Mn„.Transition tempera-
tures from Fig. 4: (0), and additional data from the literature:
Q (Ref. 5), 6 (Ref. 6), 0 (Ref. 15), 0 (Ref. 16), 4 (Ref. 17),Q
(Ref. 18), o (Ref. 19), and 0 (Ref. 20).

strates that the spin-flip transition is much more weakly
dependent on electron doping than previously thought.
Measurements to study the relationship between Tz, T&c,
and TsF at higher Mn concentrations are currently un-

derway.
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