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Both magnetoelastic and neutron-diffraction studies have been performed on Cr-Al single crystals
containing 1.2, 1.9, and 2.6 at. % Al. These concentrations lie in a controversial region of the magnetic
phase diagram. For the crystals containing 1.2 and 1.9 at. % Al the transition at the Néel point is from a
paramagnetic to an incommensurate spin-density-wave (ISDW) state while it is from the paramagnetic to
a commensurate (C) SDW state for Cr+2.6 at. % Al. All magnetic transitions are observed as second-
order phase changes within our experimental resolution. No ISDW-CSDW transition was observed in
any of the crystals, and no evidence was found for the existence of mixed ISDW and CSDW phases in
the alloys, as previously predicted. The temperature dependence of the elastic constants is described
fairly well by existing thermodynamic models, while the magnetization M*(T)/M*0) of Cr + 1.9 at. %
Al and Cr+2.6 at. % Al varies as [1—a(T/Ty)*+8(T/Ty)*] at T < Ty. The values of a and § com-
pare fairly well with values obtained from magnetovolume data.

I. INTRODUCTION

Chromium is an itinerant-electron antiferromagnet,
which undergoes a first-order magnetic phase transition
to a static sinusoidal spin-density-wave (SDW) state
below the Néel temperature T, =312 K. Neutron-
diffraction studies of the magnetic structure'? are inter-
preted in terms of scattering from different Q domains,
each described by a wave vector that belongs to the set
Q;=(1—¢€)(27/a)X;, where X; are unit vectors along the
cubic axes of length a. The parameter € is temperature
dependent and close to zero, thus describing an incom-
mensurate SDW (ISDW) in the conduction-electron gas.
Below T,y the ISDW is transversely polarized with
respect to Q, down to the spin-flip temperature T ;=123
K, below which the longitudinally polarized ISDW phase
appears. Many physical properties were measured in or-
der to investigate these magnetic phase transitions in
pure Cr (for a review see Ref. 2). The characteristics of
the SDW in Cr are believed to result from nesting be-
tween electron and hole sheets in the Fermi surface of the
metal. By dissolving other metals in Cr one can change
the electron-to-atom ratio, which in turn changes the
Fermi surface and thus many physical properties. Alloy-
ing Cr with elements that decrease the electron-to-atom
ratio normally reduces both the Néel temperature and
the wave vector, whereas alloying with elements that in-
crease the electron-to-atom ratio results in increasing the
Néel temperature and the wave vector. Cr-Al alloys
prove to be an exception: T initially decreases with Al
addition (up to 1 or 2 at. % Al), but with further increase
in Al concentration Ty increases. This gives rise to a
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minimum in Ty, but as is evident from the results indi-
cated in Fig. 1, there is no quantitative agreement in the
literature concerning the position and depth of the
minimum as established from electrical resistivity (p),> 3
magnetic susceptibility (x),%° and magnetoelastic'®!!
studies. Most notable is that Alberts and co-
workers®1%!! and Sousa et al.® observed the dip as more
pronounced and occurring at a higher Al concentration
than Chakrabarti and Beck,* Arajs and co-workers>*> and
Yakhmi et al.” The resistivity anomaly associated with
Ty is small and not well defined between 2 and 4 at. % Al
(Ref. 6, see also Ref. 7). Consequently bulk modulus and
thermal-expansion measurements (on polycrystalline al-
loys), which are sensitive parameters to detect T in Cr
and its alloys, were used by Alberts and Lourens!®!! to
supplement the phase diagram as indicated in Fig. 1(a).
Early powder neutron-diffraction work!? indicated a
crossover from an ISDW to a commensurate SDW
(CSDW) between 1 and 4 at. % Al and suggested a mix-
ture of these two phases in the intermediate Al-
concentration range. Alberts and Lourens!'®!! also sug-
gested from the broadness of the transitions observed for
the bulk modulus and the coefficient of thermal expan-
sion near 2 at. % Al, that such a mixture can occur in
this region. Alberts!® further suggested on the basis of
the Al-concentration dependence of the magnetic part of
the electrical resistivity that the boundary between the
ISDW and CSDW phases is given by the dashed line indi-
cated in Fig. 1(a). Yakhmi er al.” and Lind and Stan-
ford' interpreted their results of resistivity and infrared
reflectivity experiments, respectively, on the same single-
crystal samples as also indicating the coexistence of the
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ISDW and CSDW phases.

This paper reports on magnetoelastic and neutron-
diffraction studies of Cr-Al single crystals of composi-
tions 1.2, 1.9, and 2.6 at. % Al, thus representing the con-
troversial region on the magnetic phase diagram. Addi-
tional points on the phase diagram are thus established
by comparing results of indirect measurement (elastic
constants) with direct neutron-diffraction measurement
of the spin ordering. Furthermore, the neutron-
diffraction studies that extended down to 12 K, should
give clarification on speculations regarding mixed
ISDW-CSDW phases in this region of the phase diagram
and on the boundary between incommensurate and com-
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FIG. 1. (a) Magnetic phase diagram of Cr-Al alloys plotted
on the basis of previous results of Alberts and co-workers, i.e.,
electrical resistivity (Ref. 6) (squares) and magnetoelastic data
(Refs. 10 and 11) (triangles). The T and T values for pure Cr
(circles) have been taken from Ref. 22. The ISDW-CSDW
boundary, marked by the dashed line between points (2 at. %
Al, 100 K) and (3.5 at. % Al, 0 K), has been proposed on the
basis of the Al-concentration dependence of the magnetic part
of the electrical resistivity data for some Cr-Al alloys (Ref. 13).
All solid and dashed lines have been drawn as a guide to the
eye. (b) Magnetic phase diagram of Cr-Al alloys plotted on the
basis of data of Chakrabarti and Beck (Ref. 4) (triangles and line
no. 1), data of Arajs and co-workers (Refs. 3 and 5) (circles and
line no. 2), data of Sousa et al. (Ref. 8) (crosses and line no. 3),
and data of Yakhmi et al. (Ref. 7) (squares and line no. 4).
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mensurate structures. Our studies extend previous
single-crystal neutron-diffraction investigations'>'® and
give inter alia detailed measurements near T in order to
characterize the type of magnetic transition. The magne-
toelastic results for the Cr+2.6 at. % Al single crystal
have already been reported by Alberts,!” in the tempera-
ture range 77-400 K, whereas our magnetoelastic inves-
tigation extends down to 4 K.

The present measurements have been performed on
samples in the “multi-Q” state below T. The directions
of wave vector and spin polarization define six different Q
domains for the transverse SDW (TSDW) and three
different Q domains for the longitudinal SDW (LSDW).
Intuitively one would expect equal volumes of the
different domains in the ordered region after cooling a
sample slowly through Ty or T. Studies on high-purity
Cr indicate a considerable hysteresis in the fractional
volumes occupied by each of the six types of Q domains
comparing scattered neutron intensities obtained from
cooling and heating runs.'® Therefore single-crystal stud-
ies are often performed on single-Q specimens prepared
as such by cooling through Ty in a magnetic field or with
a stress applied along one of the cubic axes.? It will be
evident from Sec. III that there is little evidence of hvs-
teresis upon thermal cycling in the magnetization curves
deduced from neutron scattering and consequently for
the present series of experiments, we have been content to
study multi-Q samples.

II. EXPERIMENT

Three Cr-Al single crystals with 1.2, 1.9, and 2.6 at. %
Al, respectively, have been prepared by a floating-zone
method using radio-frequency (rf) heating. Starting ma-
terials were polycrystalline rods prepared from 99.996%
iochrome and 99.999% pure Al. The final Al concentra-
tion for each sample has been determined by electron mi-
croprobe analysis. The single crystals containing 1.2 and
1.9 at. % Al were prepared with parallel (100) and (110)
faces for ultrasonic measurements by sparking planing,
while the crystal containing 2.6 at. % Al was prepared
only with parallel (110) faces in order to keep its volume
as large as possible for the neutron work. The distances
between parallel planes on all the samples were between 5
and 7 mm and the volumes range from 250 to 440 mm®.

Ultrasonic wave velocities have been measured as a
function of temperature using the phase comparison
method.! X-cut or Y-cut 10-MHz quartz transducers
were bonded to the samples with Araldite epoxy resin to
generate longitudinal or shear waves, respectively. The
experimental error in the absolute values of the wave ve-
locities is estimated to be about 0.5%, while changes of
the order of 1 in 10 with temperature could be detected
easily. The densities of the crystals measured by pyc-
nometric method were used to calculate the elastic con-
stants from the wave velocities. Measurements of wave
velocities have been made every 2-3 K. All measure-
ments were done on the as-grown crystals. To check for
the effects of strain in the crystals, the Cr+1.9 at. % Al
sample was annealed at 1000 °C for 2 h and then furnace
cooled. The temperature dependences of the elastic con-
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stant 1/2(¢,; + ¢, +2c44) were remeasured and essential-
ly the same results were obtained as on the as-grown
crystal, showing that the as-grown crystals are relatively
strain free.

Elastic neutron diffraction was employed to obtain
magnetization values associated with both the TSDW
and the LSDW phases from integrated intensity measure-
ments of magnetic peaks observed in both cooling and
heating runs. A monochromatic neutron beam with
A=1.07 A was obtained from a (111) plane of a germani-
um monochromator. The A/2 contamination was less
than 0.3%. An Euler cradle two-axis diffractometer on
which a closed-cycle helium gas cryostat was fitted, was
employed. This enabled three-dimensional rotation of
the crystal in the neutron beam. Neutron-diffraction pat-
terns were obtained in both w and w-26 scanning modes
with the [001] axis of the crystal coinciding with the vert-
ical rotation axis of the diffractometer. Data were col-
lected every 0.04° or 0.05° in w. All measurements were
made against a preselected monitor count by using a
monitor counter placed in the incoming neutron beam
path.

The specimens were secured with Al wire inside an Al
can filled with He exchange gas. The can was screwed
onto the Cu cold finger of the closed-cycle cryostat, using
an In seal for good thermal contact. Temperatures were
controlled within +0.02 K using a GaAs diode as sensor
for the proportional temperature controller. Specimen
temperatures were measured using two chromel vs
Au—+0.07 at. % Fe thermocouples fixed at two opposite
parts of the sample. These indicated a temperature gra-
dient of less than 0.03 K. An ice triple point cell was em-
ployed as temperature reference.

III. RESULTS

A. Results for elastic constants

Ultrasonic velocity measurements along [100] were
used to obtain elastic constants ¢;; and c,4 for longitudi-
nal and shear waves, respectively, while
1/2(cy;+cj;+2¢c4) for longitudinal waves and
1/2(cy;—cy,) and ¢4y for shear waves were obtained for
propagation along [110]. No corrections were made for
changes in the mass density or length of the samples with
temperature changes because it follows from thermal-
expansion measurements'! on Cr-Al alloys that such
corrections are negligibly small [less than 0.2% in the
(4.2-300)-K region] compared to the temperature depen-
dence of the elastic constants.

The temperature dependences of the elastic constants
¢y 1/2(cyy—cyy), ¢4, and the bulk modulus
B =1/3(c;; +2¢,,) are shown in Figs. 2, 3, 4, and 5, re-
spectively (left-hand side plots, solid lines). The dashed
lines in the left-hand-side plots of these figures represent
the corresponding elastic constants for Cr+5 at. % V al-
loy.?® This alloy is ideally suited as a reference material
for the nonmagnetic behavior of Cr alloys, since the addi-
tion of more than 4 at. % V to Cr destroys the magnetic
state in Cr completely without changing either the lattice
spacing or mass density by more than 1-2 parts in a
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thousand.?! The magnetic contributions to the elastic
constants are obtained by subtracting the two curves for
each elastic constant and these differences are presented
as the solid lines in the right-hand side plots of Figs. 2, 3,
and 5. The corresponding Cr+35 at. % V curves were
shifted slightly up or down to coincide as closely as possi-
ble with the high-temperature data far above T, of the
Cr-Al alloys. In the case of B the dashed lines of Fig. 5
were determined from the dashed lines of Figs. 2, 3, and
4. The magnetic contribution Ac,, was not determined
as it is negligible, except near T for Cr+1.2 at. % Al,
compared to the values

Ac;;=1X10" Nm™?
and
Ald(cy;—cyy)]1=0.1X 10" Nm™2

of all three alloys.

The dashed lines indicated on the right-hand side plots
of Figs. 2, 3, and 5 represent the best fits of the equation
(1+bT*+cT*) to experimental results for T <Ty (see
discussion in Sec. IV).

Very large magnetic anomalies appear in ¢; near Ty
(Acyy /¢y, of the order of 30%) (Fig. 2) and to a lesser ex-
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FIG. 2. The temperature dependence of c¢;; and Ac,, for Cr-
Al single crystals. Solid lines on the left-hand-side figures are
smooth curves drawn through the experimental points, which
were recorded at about 2-K intervals. The dashed lines on the
left-hand-side figures represent c¢;; for Cr+5 at. % V, which
represents the nonmagnetic behavior of the antiferromagnetic
Cr-Al alloys. The magnetic contribution Ac,;; was obtained by
subtracting the two curves for c;; for each alloy. The dashed
lines on the right-hand-side figures are the best fits of
Acy(T)/Acy1(0)=1+4bT*+cT* to the experimental results.
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tent near T. The width of the minimum near T is
much broader than that observed for pure Cr.?>23 One
possible cause for the broader transitions may be sample
inhomogeneities. We estimate, however, by comparing
the width of the curve near T of the Cr+1.2 at. % Al
sample with that of pure Cr, that a concentration varia-
tion of about 25% of the nominal Al concentration over
the sample length is needed to explain the observed broad
minimum. This is much larger than the Al-concentration
variation estimated by the electron microprobe analysis
(about 8%) at different positions on the crystals.
Qualitatively similar A-type anomalies are observed for
¢y near Ty for both Cr+1.2 at. % Al and Cr+1.9 at. %
Al, while a more jumplike one is observed for Cr+2.6
at. % Al. The A-type anomaly seems to be characteristic
of the paramagnetic (P)-ISDW transition observed by
neutron diffraction (see below) in the first two alloys, and
the jumplike one of the P-CSDW transition observed for
the third concentration. In the case of Cr+1.2 at. % Al
[Fig. 2(a)] we observe three characteristic regions for ¢ ;:
a broad step around 50 K indicating the spin-flip transi-
tion from longitudinally to transversally polarized ISDW,
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FIG. 3. The temperature dependence of (c;;—cj,) and
A[%(c“ —cy,)] for Cr-Al single crystals. Solid lines on the left-
hand-side figures are smooth curves drawn through the experi-
mental points, which were recorded at about 2-K intervals. The
dashed lines on the left-hand-side figures represent %(c“ —cy3)
for Cr+5 at. % V, which represents the nonmagnetic behavior
of the antiferromagnetic Cr-Al alloys. The magnetic contribu-
tion A[%(c,, —cj,)] was obtained by subtracting the two curves
for %(c“ —c;) for each alloy. The small differences of both
curves above Ty have been neglected. The dashed lines on the
right-hand  side  figures are the best fits of
Al L(ey =) UT/A[H ey —¢12))(0)=1+eT?+ fT* to the ex-
perimental results.
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verified by neutron-diffraction studies presented below, a
minimum at 207 K, and most interestingly, a discontinu-
ous change in ¢;; at 220 K. The discontinuity is accom-
panied by very large attenuation of the ultrasonic waves
in the crystal and may be indicative of a first-order transi-
tion. The Néel temperature was taken at the discontinui-
ty for this sample, a choice that is fully supported by the
neutron-diffraction data presented below. However, no
evidence for a first order transition at T is indicated by
the neutron-diffraction results.

In the case of Cr+1.9 at. % Al [Fig. 2(b)] there is no
trace of a spin-flip transition above 4.2 K. In the region
of T no discontinuity was observed for this sample but
only a minimum at 124 K followed by a kink in the curve
occurring to the right of the minimum, at about 143 K.
The value of T determined from neutron-diffraction ex-
periments on this crystal is equal to 134.2 K, which
agrees with the temperature of the inflection point (134
K), occurring between the minimum and the kink in the
curve.
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FIG. 4. The temperature dependence of ¢4 and Acyy for Cr-
Al single crystals. Solid lines are smooth curves drawn through
the experimental points which were recorded at about 2-K in-
tervals. The dashed lines represent c4 for Cr+5 at. % V,
which represents the nonmagnetic behavior of the antiferromag-
netic Cr-Al alloys.
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For Cr+2.6 at. % Al the Néel temperature (T =256
K) observed with neutron diffraction is in very good
agreement with that indicated by the inflection point as-
sociated with the jump in ¢;; in Fig. 2(c) (256 K). The
magnetic part Ac;; (0 K) shown in Figs. 2(d), 2(e), and
2(f) gradually increases as the Al content increases.

Figure 3 shows the temperature variation of
1(¢y; —¢yy). For all samples cusplike anomalies are ob-
served near Ty, similarly to that observed in pure Cr. 2
In addition, a relatively deep and sharp anomaly occurs
at T for Cr+1.2 at. % Al [Fig. 3(a)]. The anomaly in
L(ey;—cyy) at T is much more pronounced than that in
¢, at the same temperature.

The ¢4, shear constant (Fig. 4) varies within experi-
mental error, smoothly through T with little or no mag-
netic contribution except near T for Cr+1.2 at. % Al
for which a small but sharp minimum is observed at T;.
The small anomalous behavior of ¢4, for Cr+2.6 at. %
Al below 50 K is presently not understood, since the neu-
tron work reported below indicate the existence of a
CSDW at all temperatures below T, for this composition
without evidence for a transition to any other magnetic
phases.

The temperature variations of the bulk modulus B
presented in Fig. 5, resembles qualitatively the corre-
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FIG. 5. The temperature dependence of B and AB for Cr-Al
single crystals. Solid lines on the left-hand-side figures that
represent B for Cr-Al alloys were calculated from the corre-
sponding elastic constant curves from Figs. 2, 3, and 4. The
dashed lines on the left-hand-side figures that represent B for
the Cr+5 at.% V nonmagnetic reference compound were
determined from corresponding dashed lines from Figs. 2, 3,
and 4. The magnetic contribution AB was obtained by subtract-
ing the two curves for B for each alloy. The dashed lines on the
right-hand-side figures are the best fits of
AB(T)/AB(0)=1+b,T*+c, T* to the experimental results.
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sponding curves of ¢,; (Fig. 2), emphasizing the dom-
inant role of ¢, in Cr and its alloys.

A point worth mentioning, is the difference in behavior
observed for the magnetic effects in the longitudinal con-
stant ¢,; on the one hand and in the shear constants ¢,
and 1/2(cy; —c;,), on the other hand. Firstly, magnetic
effects persist in ¢, for Cr-Al to well above Ty, up to as
much as 300 K above Ty for Cr+1.9 at. % Al, and
secondly, these effects disappear at Ty for 1/2(c{; —cy,)
and are absent at all temperatures for c44.

B. Neutron-diffraction results

1. Cr+1.2 at. % Al crystal

The neutron-diffraction patterns for Cr+1.2 at. % Al
for three characteristic temperature regions are presented
in Fig. 6. The crystal was rotated around the [001] axis
through the (010) position using both the o [Figs. 6(a),
6(b), and 6(c)] and the ®-26 scanning modes [Fig. 6(d)].
At low temperatures only three magnetic peaks are visi-
ble in the w scan [Fig. 6(a)], two outermost (*e¢,1,0) satel-
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FIG. 6. Neutron-diffraction patterns for Cr+1.2 at. % Al
taken through the (010) magnetic position with the [001] axis
vertical: (a) w-scanning mode, T < T, (b) w-scanning mode,
T4<T <Ty, () w-scanning mode, T >Ty, and (d) w-26-
scanning mode, T < T < Ty, central part of the pattern.
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lites and the central peak being the superposition of two
(0,1,£¢) satellites. This pattern implies that the polariza-
tion of the SDW magnetic moments is parallel to the
wave vector, like in the case of the low-temperature
phase of pure Cr.?> Above a certain temperature two ad-
ditional satellites (0,1+¢,0) occur on both sides of the cen-
tral peak [Fig. 6(b)], indicating that the magnetic mo-
ments are polarized perpendicular to the wave vector
such as that for pure Cr above the spin-flip tempera-
ture.'® In the critical region just above Ty an almost flat
picture with small convexity around the (010) position is
observed [Fig. 6(c)]. It was found that the superposition
of (0,1%¢,0) and (0,1,%¢) satellites in the central part of
Fig. 6(b) could not be resolved better by changing the in-
strumental parameters in the w-rotation experiment. The
best resolution for these satellites was obtained using an
®-20 scan as is shown in Fig. 6(d).

The temperature dependences of the (g,1,0), (0,1 —¢,0),
and (0,1,e) satellites have been determined using ap-
propriate scans as indicated in Fig. 6. The results are
characteristic of a TSDW below T, followed by a transi-
tion to a LSDW at temperatures below T~ 50 K. Thus
we observe that the intensities of both pairs (*¢,1,0) and
(0,1,2¢) of satellites increase significantly below Ty,
while the intensity of the (0,1+¢,0) satellites falls to zero
below T for the LSDW. %2 The results also show that
the Cr+1.2 at. % Al sample remains in the ISDW phase
down to the lowest temperature studied (14 K).

Since the (g,1,0) satellite in Figs. 6(a) and 6(b) is clearly
resolved at all temperatures, a detailed determination of
its temperature dependence during cooling and heating
runs was performed and the results are depicted in Fig. 7.
No hysteresis was observed at T. Some small hysteresis
effects were observed for results in the ordered region for
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temperatures below 120 K, but these are small compared
with the hysteresis associated with domain effects in pure
Cr.'"® A least-squares analysis, presented below in Sec.
III B 5, of the detailed measurements, indicated in the in-
set to Fig. 7, gives T,y=219.3 K. This agrees very well
with the temperature of the discontinuity in the c;; elas-
tic constant of Fig. 2(a) (220 K). No evidence is however
found in the neutron-diffraction data of a jump at Ty and
consequently the suggestion of a first-order transition
from the c;; data is not confirmed. It is conceivable, nev-
ertheless, that a smearing effect of a possible discontinui-
ty can occur due to inhomogeneous strain in the sample.
In the case of pure Cr, observation of the small first-order
phase transition with neutron diffraction was only possi-
ble by using very pure and near-perfect single-crystal
specimens. “"

Figure 8 shows the temperature dependence of the
magnitude @ of the SDW  wave vector
Q=(2m/a)(1—¢,0,0). This has been calculated for
Cr+1.2 at. % Al independently from the (*¢,1,0) pair of
satellites (closed circles) as well as from the (0,1+¢€,0) ones
(squares). In addition, we present data for Cr+1.9 at. %
Al discussed below (crosses) and for pure Cr taken from'®
(triangles). It is interesting to note that the temperature
behavior of Q is qualitatively similar in all cases being
temperature independent for 7 < 80 K and rising sharply
for T>80 K. Moreover, Q increases with increasing Al
content, tending to the CSDW structure (Q=1).

2. Cr+1.9at. % Al crystal

For this crystal, neutron scattering indicates a trans-
verse polarization of the ISDW at all temperatures be-
tween 14 K and Ty =134 K with diffraction patterns
qualitatively similar to that of Cr+1.2 at. % Al shown in
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FIG. 7. Temperature dependence of the integrated intensity
of the outermost left-hand-side satellite (g,1,0) of Fig. 6 for
Cr+1.2 at. % Al using the w-scanning mode. Closed circles
denote data collected during a cooling and open circles those
collected during a heating run. In the main figure only every
tenth point has been displayed in the region of Ty (205-224 K),
for clarity. The inset shows the integrated intensity in the vicin-
ity of Néel point. The solid line represents a fit to the data of
the magnetization term I, in Eq. (1) and the dashed lines
denote fits of the I, and I _ critical scattering terms.
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FIG. 8. The temperature dependence of the magnitude of the
wave vector Q=(27/a)(1—¢,0,0) for Cr-Al single crystals to-
gether with data for pure Cr (Ref. 18). Closed circles denote
data determined from the (=+g,1,0) satellites and the squares
represent values obtained from the (0,1+¢,0) satellites from Fig.
6 for Cr+1.2 at. % Al. The crosses represent the results for
Cr+1.9 at. % Al and the triangles data for pure Cr (Ref. 18).
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FIG. 9. Temperature dependence of the integrated intensity
of the (g,1,0) satellite measured during a cooling run for Cr+1.9
at. % Al using a w-scanning mode. The inset shows the in-
tegrated intensity in the vicinity of the Néel point. In the inset,
the solid-line represents a fit to the data of the magnetization
term I,, in Eq. (1). The dashed line in the main figure is the best
fit to the data of the equation MXT)/M*0)=1
—a(T/Ty)*+8(T/Ty)*.

Fig. 6(b) or 6(d). No evidence was found from scans with
the [001] axis vertical of either a spin-flip transition or of
any CSDW-ISDW mixtures. To confirm that there is no
contribution coming from the presence of any CSDW
phase we changed the configuration of the experiment
from the [001] to the [011] vertical rotating axis of the
diffractometer and performed o scans through the (100)
position at 14 K. For a pure ISDW phase one does not
expect any satellite in the central part of the pattern for
the latter configuration, but only the small contribution
from the A/2 contamination of the neutron beam, (see
e.g., Ref. 29). No peak was observed at the (100) position
within the resolution of the experiment, thus confirming
the absence of the CSDW phase in this alloy.

The temperature dependence of the integrated intensi-
ty for the (g,1,0) satellite measured with an w scan, is de-
picted in Fig. 9. No evidence is seen at Ty of a first-order
discontinuity in the magnetization and an analysis of the
behavior near Ty shown in the inset to Fig. 9, is given in
Sec. III B4. The broken line indicated in the main figure
represents the best fit to the data of an equation

MY T)/MX0)=1—a(T/Ty)*+8(T/Ty)*

as is discussed in Sec. IV. The temperature dependence
of the magnitude of the Q vector for Cr+1.9 at. % Al is
presented in Fig. 8 (crosses).

3. Cr+2.6at. % Al

Results of w-26 scans through the (010) position with
the [001] axis vertical indicate only a single peak of mag-
netic origin for this composition between T, =256 and
14 K. This indicates the existence of a simple antiferro-
magnetic structure commensurate with the crystallo-
graphic lattice with wave vector Q=(27/a)(1,0,0) for
Cr+2.6 at. % Al. No sign of a phase transition from
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CSDW to ISDW or the presence of any ISDW phase was
detected in the temperature range used in the experiment.
It indicates that the C-I phase boundary presented by Al-
berts'? is probably much steeper and shifted towards
lower Al concentrations. The Néel temperature deter-
mined from a least-squares analysis of the integrated in-
tensity (Sec. III B 5) is equal to 256 K in very good agree-
ment with that determined from the inflection point in
the temperature dépendence of ¢,;. This points out that
the Néel temperature for the Cr+2.83 at. % Al sample,
presented by Sousa et al.,® is rather indicated by the
high-temperature anomaly that they observed in both
dp/dT and x(T) in the temperature range 240 < T <260
K, and not by the pronounced peak in y(7T) at 25 K,? of
which the origin is not clear.

The temperature dependence of the integrated intensi-
ty of the (010) magnetic peak is shown in Fig. 10. The
transition at T seems to be continuous and the critical
behavior is analyzed in Sec. III B5. The dashed line in
the main figure is the best fit to the data of the equation

MXT)/MX0)=1—a(T/Ty)*+8(T/Ty)*

as is discussed in Sec. IV.

4. Extinction effects

The integrated neutron intensities plotted in Figs. 7, 9,
and 10 are to be used to characterize the temperature
dependence of the magnetization both near Ty (Sec.
III B S), as well as down to low temperatures (Sec. IV).
Consequently one is concerned whether the measured in-
tensities are affected by extinction. It was not practical
with our experimental setup to use a beam of shorter
wavelength and thus reduce both the primary and secon-
dary extinctions.*® Rather, we compared the tempera-
ture dependence of the magnetic scattering of the CSDW
in the Cr+2.6 at. % Al crystal as measured for the weak-
er (111) magnetic reflection,’® with the results given in
Fig. 10 as obtained from the stronger (010) reflection. A
comparison at the same temperatures of the measured in-
tensities for the (010) and (111) reflections covering the
measuring range between T, and 14 K, is depicted in
Fig. 11. The linear relationship in Fig. 11 indicates that
even the intensities for the (010) reflection observed at
low temperatures, are not adversely affected by extinc-
tion. Since the scattered neutron intensity associated
with the CSDW structure in Fig. 10 is not expected to be
smaller than the (g,1,0) intensity for either the Cr+1.2
at. % Al crystal in Fig. 7 or the Cr+1.9 at. % Al crystal
in Fig. 9, one expects the results reported for the latter
two crystals also not to be influenced by extinction.

5. Critical behavior of the Cr-Al crystals

The detailed measurements of integrated magnetic in-
tensity associated with the ISDW in Figs. 7 and 9 and
with the CSDW in Fig. 10 near Ty show no evidence of
discontinuous behavior or hysteresis effects. Consequent-
ly, within the accuracy of our measurements, the transi-
tion at Ty can be considered as continuous for all three
crystals.
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FIG. 10. Temperature dependence of the integrated intensity of the (010) magnetic peak for Cr+2.6 at. % Al using the w-26-
scanning mode. Closed circles denote measurements taken during a cooling and the open circles those taken during a heating run. In
the main figure every forth point has been displayed in the region of Ty (230-260 K), for clarity. The inset shows the integrated in-
tensity in the vicinity of the Néel point. In the inset, the solid line represents a fit to the data of the magnetization term I,, in Eq. (1)
and the dashed lines of the I, and I _ critical scattering terms. The dashed line in the main figure is the best fit to the data of the

equation M T)/M*0)=1—a(T/Ty)*+8(T/Ty)*.

Assuming that extinction effects are negligible, it fol-
lows that the intensity of the magnetic Bragg reflections
I, ~m? where m is the reduced magnetization ampli-
tude, m =M (T)/M(0), associated with the magnetization
wave of either incommensurate or commensurate type, as
given in Figs. 7, 9, or 10. The spontaneous magnetization
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FIG. 11. Ratio of the integrated intensities of two magnetic
peaks Iy, and I;, for Cr+2.6 at. % Al, in the temperature
range from 14 K to Ty. The linear relationship observed shows
that the stronger (0,1,0) reflection does not suffer from extinc-
tion effects.

near T is described in terms of a critical exponent 3 and
the reduced temperature ¢t _ =(Ty—T)/Ty by m ~t5 3!
In addition, near Ty critical scattering above (I ) and
below (I _) the Néel point contributes to the measured
intensity I:

I=Iy+Ic,+I._=Dt¥+C t77+C_tZ" . (1)

The critical exponent y is expected by the scaling hy-
pothesis to take on the same value above and below T,
and t, =(T —Ty)/Ty.*' The amplitudes C, and C_
are related through the parametric representation theory
of the equation of state’?

Cr _y |U=28y
c. B l27-18

A least-squares fit analysis was made of the experimental
data for the Cr+1.2 at. % Al crystal (Fig. 7) and the
Cr+2.6 at. % Al crystal (Fig. 10) against Eq. (1) with B,
Ty, v, and D as adjustable parameters. The amplitude
C, is obtained from the data in the paramagnetic region
and C _ is calculated by an iterative procedure using Eq.
(2). The critical contributions are shown as dashed
curves in the insets of Figs. 7 and 10. The effect of these
contributions on the fit is small, and the inclusion or
deletion of the terms I, and I._ does not change the
resulting value of [ obtained from the fits in any
significant way. The results obtained for the critical ex-
ponents B and y and for Ty, are given in Table I. In the
case of the Cr+1.9 at. % Al crystal (Fig. 9) the analysis
was done without inclusion of the I, and I-_ terms in
Eq. (1) because of a lack of experimental points in the

y—1
(2)
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TABLE I. Critical exponents 8 and y and Néel temperature Ty, found by least-squares analysis of
the integrated magnetic intensities near Ty, as well as the spin-flip temperature T';; deduced from neu-
tron scattering for Cr-Al single crystals. Also indicated are values of Ty and T deduced from elastic

constant anomalies as discussed in Sec. IIT A.

Cr-1.2 at. % Al

Cr-1.9 at. % Al Cr-2.6 at. % Al

Ty (K)

Neutron diffraction 219

B 0.475
Y 1.52
Ty (K)

Ultrasonics 220

T (K) 55
Neutron diffraction

Ty (K)

Ultrasonics 45

134 256
0.499 0.476
1.10
134 256

paramagnetic region in this case. It is observed that the
critical exponent 8 takes on the mean-field-like value of
0.5 for all crystals. This behavior is reflected in the clear-
ly linear variation of the magnetic integrated intensity
with temperature below Ty, covering a temperature
range between 0.8Ty and Ty in the case of Cr+2.6 at. %
Al. Similar linear behavior has been observed for
Cr+0.5 at. % Fe (Ref. 26) and Cr+0.5 at. % V (Ref. 33).

IV. DISCUSSION

Walker** calculated the discontinuities in the elastic
constants of Cr in the single-Q single-S state at Ty by us-
ing a phenomenological mean-field theory. He used the
Landau approach, and his theory is valid for a continu-
ous transition, i.e., a second-order one, at Ty. In the case
of pure Cr the transition at Ty is observed?”?® experi-
mentally by neutron-diffraction techniques to be first or-
der making the theory of Walker®*, strictly speaking, not
applicable. As the first-order transition in Cr is very
weak, Muir, Perz, and Fawcett,?’ nevertheless, applied
Walker’s** theory to pure Cr and found that the discon-
tinuities in the elastic constants at T agree qualitatively
with the predictions of the theory. As the present
neutron-diffraction results seem to indicate that the tran-
sitions in all Cr-Al crystals are second order, they might
be better suited than pure Cr for an application of
Walker’s** theory. This is particularly so for the Cr+1.2
at. % Al crystal, which shows a clear discontinuity in ¢,
at Ty of which the size could be determined fairly accu-
rately. Furthermore, it behaves very similar to pure Cr,
being in the ISDW phase for T < Ty and showing a very
high attenuation peak at the temperature of the discon-
tinuity, as was also found for pure Cr by Muir, Perz, and
Fawcett.?> The situation in Cr+1.2 at. % Al is even
better than in pure Cr for which the discontinuity is par-
tially masked by the very sharp A anomaly near Ty.

For single-Q single-S Cr, Walker** shows that the
discontinuity at T in the longitudinal elastic constants
C11» €2, and c;; should be positive and of equal magni-
tude (see also Muir, Perz, and Fawcett?}), while the
discontinuity in the shear constant c,4 should be zero and
that in the other shear constants much smaller than

Ac;(i=1,2,3). Our measurements were done on
multiple-Q Cr-Al single crystals. For Cr+1.2 at. % Al
we estimated from Fig. 2(a), that Acy;/cy; is close to
+2% at Ty, which is positive as predicted by Walker**
but smaller than the value +4% obtained by Muir, Perz,
and Fawcett? for single-Q Cr. From Fig. 4(a) Ac,, =0
for Cr+1.2 at. % Al, as predicted. As 1(c;;—cy,) does
not show a clear discontinuity at Ty we used the method
of Muir, Perz, and Fawcett?® to determine
A[+(cy;—c¢y3)] as marked in Fig. 3(a). The value of
A[Hey—ep)1/ ey —¢yy) from Fig. 3(a) is equal to
about 1% which is not, as predicted, relatively small
compared to Ac,;/c,;. A similar analysis was not done
for the other two samples as they do not show clear
discontinuities in c;; at Ty.

The temperature dependence of the elastic constants
below Ty were analyzed using the thermodynamic model
described by Fawcett,>® which was also used by
Steinemann.>®% In this model the magnetic free energy
at low temperatures is given by

AF(T,0)=¢(0)f (t (o)), 3

where ¢(w) depends on the volume strain (@) and
t(w)=T/Ty(w), To(w) being a temperature parameter.
By assuming f(¢)=(1—1¢2)%3737 and using Eq. (3), one
obtains [see also Ref. 35 and Muir, Perz, and Fawcett
(Ref. 23), who consider ¢ as a constant parameter]

_ dXAF) _ 21 s

Ac;;(T) —————aEiaej Ac;(0)(1+bT*+cT?),
2
AB(T)=%=AB(0)(1+b1T2+c1T“), 4
()]
and

__134AF _ 2 4

Aw(T) B oy —A0(0)1+b,T?+c, T,

where Aw is the magnetovolume and the b’s and ¢’s are
constants containing ¢, its first and second derivatives to
strain, and T, and its first and second derivatives to
strain.

As shown in Figs. 2, 3, and 5 (right-hand-side plots,
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dashed lines), Eq. (4) fits the results for Ac,j,
A[1/2(c;;—cy,)], and AB fairly well nearly up to Ty.
The fitting parameters b, ¢, e, f, b,, ¢;, Ac(0),
A[+(cy; —¢3)](0), and AB(0) are listed in Table II. The
parameters e, f, and A[1(c;; —c};)](0) are contained in
the corresponding equation for A[+(c; —c ;) [(T).

The parameters b; and ¢, were also determined for
pure Cr from the data given by Fawcett.*> For pure Cr a
near perfect fit of Eq. (4) is obtained up to 160 K with the
parameters shown in Table II. b; is very roughly the
same for Cr and the Cr-Al alloys, while ¢, varies between
—0.6X1071° K™* and 40.4X 107! K™* in the concen-
tration range of the measurements. The parameters b,
and ¢, contain ¢, ¢'=d¢/dw, ¢"'=d*¢/dw?, and
dInT,/dw [neglecting second-order derivatives of T
(Ref. 35)] and their experimental values can be used to
determine d In¢ /dwo=¢'/¢ and d InTy/dw. For pure Cr
we have®

1 AB(0) "
B(0) Aw(0) ¢ 70
and using the experimentally determined b, and ¢, values
of Table II we obtained for pure Cr, d In¢ /d w=150 and
dInTy/dw=51.

Fawcett estimated d In¢ /dw and d InT, /d w for pure
Cr from elastic constant, thermal expansion, and
specific-heat measurements at 7T-—0. He obtained
dIng/dw=70 and dInTy/dw=25, which are of the
same order of magnitudes, but half as large, as those ob-
tained in a different manner using the thermodynamic
model with f(#)=(1—¢?)? and the experimental temper-
ature dependence of B(T). The (1+b,T2+¢,T*) tem-
perature dependence of AB was also found experimental-
ly in Cr-Mo-Si alloys by Smit and Alberts. 3% We also cal-
culated d InT/dow and dIn¢/dw for the Cr-Al alloys
from the b, and ¢, values of Table II using Aw(0) values
from Ref. 11 and obtained the values listed in Table II.
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Both dInT,/dw and dIn¢/dw increase to very large
values as the Al concentration is increased. The large
values of these two quantities must be related to the very
large dTy /dp values of Cr-Al alloys as deduced from
magnetoelastic measurements by Alberts and Lourens. '
For the magnetovolume we have!!

Ao(T)=C(T){MXT)) , (5)

where the magnetoelastic coupling constant C(T) is tak-
en to be temperature dependent,

C(T)=C(O)[1—&T/Ty)*] (6)
and
(M) =(MY0))[1—a(T/Ty)?+8(T/Ty)*], (D

where (M?(T)) is the mean-square magnetic moment.
This gives
Aw(T) — 2 4
Ao(0) 1+ A(T/Ty)"+B(T/Ty)", (8)
as in Eq. (4). Equation (8) fits the experimental Aw(T) of
polycrystalline Cr-Al alloys very well'! with physical ac-
ceptable values for 4 and B, verifying the validity of the
thermodynamic model for Aw(T) [Eq. (4)]. Constants
A =—(§+a) and B =8+ af were determined by Alberts
and Lourens!' from the elastic constant and thermal-
expansion measurements on polycrystalline Cr-Al alloys.
Having done the neutron-diffraction measurements on
the Cr-Al single crystals we are now in a position to
check on Egs. (6), (7), and (8). We did so for Cr+2.6
at. % Al, which remains in the CSDW phase down to 4
K and has a simple antiferromagnetic structure below
Ty. As shown in Fig. 10 by the dashed line in the main
figure, MX(T)/M*Q0), being the integrated intensity, is
reasonably well fitted by Eq. (7) with a=1.00 and
8=0.03. Using these values we obtained for Cr+2.6
at. % Al, A+B=-096 and £&=—0.52 (using

TABLE II. The fitting parameters from Eq. (4) for the elastic constants and bulk modulus together with fitting parameters from
Eq. (7) for magnetization (a and 8) for Cr-Al alloys below T. Also shown are values obtained for pure Cr from the work of Fawcett
(Ref. 35) as well as values of d In¢ /dw and d InT, /d w determined from b, and c,.

Compound Pure Cr Cr+1.2 at. % Al Cr+1.9 at. % Al Cr+2.6 at. % Al

Fitting
Parameters
Acy1(0)(10"° Nm™?) 1.596 3.339 7.904
b(107¢ K7?) 2.648 8.520 7.064
c(1071° K™% 9.128 26.811 —0.755
Al3(c1y—c)]0) 0.422 0.740
(10'° Nm™2?)
e(107¢ K7?) —33.177 1.016
f(10710 K™% —12.569 —2.704
AB(0)(10'° Nm™2) 1.764 0.969 2.817 6.944
b, (107 K7?) 9.496 14.627 10.975 8.319
¢ (10710 K% 0.059 15.102 40.409 —0.594
a 0.76 1.00
) —0.23 0.03
dng/dw 150 132 468 950
dInTy/dw 51 65 196 273
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A =—0.48 for Cr+2.74 at. % Al). For polycrystalline
Cr+2.74 at.% Al Alberts and Lourens!! obtained
A +B =—0.84 from thermal-expansion measurements,
which compares fairly well with the neutron-diffraction
result. The value £=—0.52 gives an increase in C(T)
with increasing temperature, which seems a little surpris-
ing. Assuming the integrated intensity of the satellite for
Cr+1.9 at. % Al in Fig. 9 to vary as {M*(T)) /{M*0)),
we also fit Eq. (7) to the results of Fig. 9. The best fit is
obtained for «=0.76 and 8= —0.23 and is fairly good as
shown in Fig. 9 (broken line in the main figure). With
these values we obtain 0.76 4 +B = —0.80. Alberts and
Lourens!! found from thermal-expansion measurements
0.76+B =—0.48 for Cr+1.7 at. % Al and —0.39 for
Cr+2.19 at. % Al. The correspondence with the neutron
work is not as good as for Cr+2.6 at. % Al and may be
ascribed to the relative small values!! of |Aw| near 2
at. % Al, making the accurate determination of 4 and B
from thermal-expansion measurements problematic. Due
to the inaccuracies in 4 and B as determined from the
thermal-expansion measurements (see Fig. 1 of Ref. 11
near 2 at. % Al), we could not determine a reliable value
of £ for the Cr +1.9 at. % Al crystal. We nevertheless
conclude from the neutron-diffraction work on the
Cr—+2.6 at. % Al single crystal that Eq. (7) is suitable for
a description of the magnetovolume in Cr-Al alloys.

The magnetic phase diagram plotted on the basis of the
present results (stars) together with the previous data of
Alberts and co-workers®!%!! is presented in Fig. 12. The
hatched area is indicative of the difference between the
phase diagrams obtained in previous works on polycrys-
talline material and the present one based on single crys-
tals. The difference may partly be ascribed to the
different techniques that were used in defining T. In the
ultrasonic wave velocity studies on polycrystalline ma-
terial Ty was defined for the ISDW samples (¢ <2 at. %
Al) at the minima in the B vs T curve. The present
neutron-diffraction work however indicates that Ty lies

W
<]
e

200

TEMPERATURE (K)

100

clat’% Al)

FIG. 12. Magnetic phase diagram for Cr-Al alloys proposed
on the basis of our present neutron-diffraction and ultrasonic
data (stars) as well as previous results of Alberts and co-
workers, i.e., electrical resistivity (Ref. 6) (squares) and magne-
toelastic data (Refs. 10 and 11) (triangles). The Ty and Ty
values for pure Cr (circles) have been taken from (Ref. 22).
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to the right of the minimum points, either at the discon-
tinuity of ¢,;(7) (if such a discontinuity exists) or close to
the inflection point, which defines Ty also for the CSDW
samples (¢>2 at. % Al). For instance, for the Cr+1.2
at. % Al single crystal Ty estimated in this way lies 13 K
to the right of the minimum. Another contribution to
this difference may result from the error in determining
the Al concentration (in our case 8% of the nominal Al
concentration). It cannot, however, fully explain the
discrepancy marked by the hatched area, which reaches
values as large as 60 K in Ty for small Al concentrations.
The situation is better for Al concentrations greater than
2.5 at. %.

The neutron-diffraction results indicate that the bound-
ary between the ISDW and the CSDW phases must be
corrected in respect to that presented in Ref. 13 or in Fig.
1(a) by the dashed line, which was proposed on the basis
of the Al-concentration dependence of the magnetic part
of the electrical resistivity for Cr-Al alloys. This I-C
boundary is probably much steeper, like that indicated in
Fig. 12 by the hatched area between the broken lines. In
this latter area the present experiments do not indicate
any mixed ISDW and CSDW phases as previously sug-
gested. %1112 Furthermore, we were able to add another
point to the LISDW-TISDW phase boundary, which
seems to drop to zero for a smaller Al concentration than
previously anticipated [compare with Fig. 1(a)].

V. CONCLUSIONS

Concerning the discrepancy in the position of the
minimum on the magnetic phase diagram mentioned in
the Introduction, our present results confirm the previous
results of Alberts and co-workers®!®!! that this
minimum occurs at higher values of the Al content
(1.7=¢=<2.0 at.% Al and lower Néel temperature
(100 =Ty =140 K) than that obtained by Arajs and co-
workers>> and more recently by Yakhmi et al.,” who
placed this minimum at 1.0=¢=<1.2 at.% Al and
170=Ty =200 K [see Fig. 1(b)]. This discrepancy is
mainly caused by data published for Cr+ 1.9 at. % Al for
which the Néel temperature is reported by Yakhmi’ as
equal to 240 K and by Arajs>> as 310 K, whereas the
value for our two independent samples (one polycrystal-
line and one single crystalline) is equal to only 130 K.

The magnetic phase diagram reported by Chakrabarti
and Beck* not necessarily contradicts ours, since their
work lacks data in the controversial concentration region
1.2=c =25 at. % Al (Ref. 4) [see Fig. 1(b)]. Also the
phase diagram presented by Sousa et al.® seems to be in
agreement with ours, except for the Ty value reported
for Cr+2.83 at. % Al [see Fig. 1(b)], which was in our
opinion wrongly interpreted as being indicated by the
X(T) low-temperature anomaly at 25 K instead of by the
high-temperature one at about 250 K (for details see Ref.
8). We plotted the temperatures of both anomalies in
Fig. 1(b) [dashed-dotted line in Fig. 1(b)].

As regards to the boundary between the ISDW and
CSDW phases on the magnetic phase diagram we found
no evidence of either a transition from the ISDW to
CSDW phase or for the coexistence of these phases
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within any of our samples Cr+1.2, 1.9, and 2.6 at. % Al
Samples Cr+1.2 and 1.9 at. % Al remain in the ISDW
state at all T < T, whereas the Cr+2.6 at. % Al remains
in the CSDW state at T <Ty. The I-C boundary line
runs probably steeply in the vicinity of 2.0% Al. It
should be mentioned that the neutron-diffraction results
by Mizuki, Endoh, and Ishikawa'® show that Cr+1.9
at. % Al remains in the CSDW phase at all 7 <Ty in
contradiction with our results. It is then very likely that
the I-C phase boundary is very steep and that small
differences in the Al composition around 1.9 at. % Al, or
small errors in the determination of the Al concentration
in this region, may place the sample on either side of I-C
boundary. It will therefore be a difficult task to prepare a
sample that shows an I-C transition.

The neutron-diffraction studies show second-order
phase changes at Ty in all three Cr-Al crystals studied.

The temperature dependence of the elastic constants is
described fairly well by the thermodynamic model. The
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magnetic contribution for +(c;; —c¢,,) at Ty for Cr+1.2
at. % Al is of the same order of magnitude as that for ¢,
in contrast with the predictions of Walker’s®* theory.
However, Ac,, =0 at Ty, as predicted by theory.

The magnetization M*(T)/M*0) of Cr+1.9 at. % Al
nd Cr+26 at.% Al for T <Ty, varies as
[1—a(T/Ty)*+8(T/Ty)*]. The values of @ and & com-
pare fairly well with the results of magnetovolume data.
This in a sense verifies the use of the term f(7)=(1—1¢2)?
in the magnetic free energy of the thermodynamic model.
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