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Abstract. Measurements are reported of the temperature dependence of the elastic constants,
ultrasonic attenuation and thermal expansion of dilute Cr–Ir alloy single crystals containing
0.07, 0.17, 0.20 and 0.25 at.% Ir. Well defined magnetic anomalies were observed in the elastic
constants and in the thermal expansion at the Néel points(TN ) and at the incommensurate–
commensurate (I–C) spin-density-wave (SDW) transition temperatures(TIC). The transition at
TIC , observed in Cr+0.20 at.% Ir and Cr+0.25 at.% Ir, is hysteretic, of hysteresis width about
20 K. Magnetic anomalies were also observed in the elastic constants at the spin-flip transition
temperature(Tsf ), The attenuation coefficient(γ ) shows a large spike-like peak atTIC (on
heating) and atTCI (on cooling) for Cr+0.20 at.% Ir. These peaks are however smeared out by
inhomogeneities in the crystal containing 0.25 at.% Ir. The attenuation coefficient peaks atTsf
andTN in Cr+0.07 at.% Ir and in Cr+0.17 at.% Ir. Due to very large attenuation and the high
value ofTN , γ could not be measured successfully around the Néel point for the other crystals.
The magnetovolume(1ω) and magnetic contributions(1B) to the bulk modulus(B) have been
found to fit the equationa+bT 2+ cT 4, predicted by theory, rather well up to temperatures(T )

close toTN . The volume derivative ofTN calculated from1ω and1B for Cr+ 0.07 at.% Ir,
compares fairly well with the value obtained from high-pressure measurements. High-pressure
measurements are not available for the other crystals for a similar comparison. The temperature
dependence ofγ for Cr+ 0.17 at.% Ir fits the power law(T /TN − 1)−5/4, predicted by theory
for T just aboveTN , rather well. The theory however fails in the case of Cr+ 0.07 at.% Ir and
could not be tested for the other two crystals.

1. Introduction

Spin-density-wave (SDW) effects in dilute Cr alloys with group-8 non-magnetic transition
metals Ru, Os, Rh, Ir and Pt are of interest and are receiving attention in the literature [1–4].
Their magnetoelastic properties are of particular interest. The interest in these properties
arises from the relatively large components contributed by the SDW to the elastic constants
and volume of the alloys.

Four magnetic phases appear [1] on the magnetic phase diagram of dilute Cr alloys
with group-8 non-magnetic transition metals. The magnetic phase diagram contains a
triple-point concentration,ct , where three phases coexist; the incommensurate (I) SDW,
the commensurate (C) SDW and the paramagnetic (P) phases. Forc > ct the alloys have
three possible magnetic phase transitions. These are the I–C and C–P transitions, occurring
respectively at the temperatureTIC and at the Ńeel temperatureTN , TIC < TN , as well as
the spin-flip transition at the temperatureTsf < TIC , where the transverse (T) ISDW phase
aboveTsf transforms to a longitudinal (L) ISDW phase belowTsf . For c < ct there is no
I–C transition, the alloy remains in the ISDW phase at allT < TN , and only two phase
transitions are possible, an I–P one atTN and a TISDW–LISDW one atTsf < TN .
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Most existing magnetoelastic studies on dilute Cr alloys with group-8 non-magnetic
transition metals were done on polycrystalline material and were reported for Cr–Pt [4],
Cr–Ru [5, 6], Cr–Ir [3] and Cr–Rh [5] alloys. These studies show interesting behaviour
in the temperature dependence of the elastic constants, the bulk modulus (B) and shear
modulus (G), or in the Young’s modulus, and in the case of Cr–Pt and Cr–Ir also of
the magnetovolume, when these alloys are taken through the above-described magnetic
phase transition temperatures. Unfortunately the magnetovolume has been reported up
to now only for Cr–Pt and Cr–Ir polycrystalline alloys and one does not know whether
similar interesting behaviour—a sharp and large maximum inα–T at TIC , whereα is the
coefficient of thermal expansion, and a sharp and large minimum atTN due to the effects
of the SDW—is also characteristic of the other alloy systems mentioned above. TheB–T
curves of polycrystalline Cr–Pt [4], Cr–Ru [6] and Cr–Ir [3] show large minima atTN , as is
also observed for Young’s modulus for Cr–Rh [5]. TheB–T behaviour atTIC is however
different. It shows a relatively large step-like decrease inB when Cr–Ru and Cr–Ir are
heated throughTIC (and also in Young’s modulus for Cr–Rh), but this anomaly is absent
for Cr–Pt alloys [4].G on the other hand shows relatively small anomalies near bothTIC
and TN for Cr–Ru and Cr–Ir alloys but none, neither atTIC nor at TN , for Cr–Pt alloys.
G has not been studied for Cr–Rh alloys yet. The other interesting aspect of the previous
studies is the large hysteresis, of width about 20 K, observed in theB–T andG–T curves
of a polycrystalline Cr+ 0.25 at.% Ir alloy.

Measurements on polycrystalline material are of limited value, particularly elastic
constant measurements, and measurements on single-crystalline alloys are needed for a
better understanding of the observed phenomena. Only three single crystals in the above
group of alloys have been studied up to now. These are single crystals of Cr+0.3 at.% Ru,
Cr+ 0.5 at.% Ru and Cr+ 0.20 at.% Ir for which all of the independent elastic stiffness
tensor componentsc11, c′ = 1

2(c11 − c12) and c44 have been measured [7–10]. Thermal
expansion measurements of these alloy single crystals have however not been reported yet.

In order to investigate the Cr alloy system with group-8 non-magnetic transition metals
further, we report here a comprehensive study of the elasticity and magnetovolume of four
Cr–Ir alloy single crystals, two withc > ct , one withc < ct and one withc close toct .

2. Experimental details

Four Cr–Ir alloy single crystals, containing 0.07, 0.17, 0.20 and 0.25 at.% Ir, were grown
by a floating-zone technique using RF heating in a pure argon atmosphere as previously
described [11]. The starting materials were 99.996% pure Cr and 99.9% pure Ir. Ir is
soluble in Cr up to about 12 at.% at 1680◦C [12]. The actual concentrations of 0.07 at.%
Ir, 0.17 at.% Ir, 0.20 at.% Ir and 0.25 at.% Ir were determined using electron microprobe
analyses techniques. The error in the absolute value of these concentrations is about 20 to
25%. The error is fairly large due to the low concentrations involved. The crystals were
prepared with a pair of flat and parallel (110) faces and for some crystals also with flat
and parallel (100) faces. The distance between these parallel faces was about 6 mm and
the area of the flat surface about 30 mm2. The elastic constantsc11, c′ = 1

2(c11 − c12),
c44 and cL = 1

2(c11+ c12+ 2c44 were determined from measurements of ultrasonic wave
velocities propagating along the [110] and [100] directions. Standard phase-comparison
[13] and pulse–echo overlap techniques [14] were used to determine ultrasonic (10 MHz)
wave velocities. The sensitivity of the former technique is 1 part in 103 or better, and
that of the latter about 1 part in 105. The error in the absolute values of the ultrasonic
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Figure 1. The temperature dependence (on heating) of the elastic constantc11 for (a) Cr+ 0.07
at.% Ir, (b) Cr+0.17 at.% Ir, (c) Cr+0.20 at.% Ir and (d) Cr+0.25 at.% Ir. The broken curves
are the expected non-magnetic behaviour determined from the results for Cr+ 5 at.% V [18].

Figure 2. The temperature dependence of the elastic constantc44 for (a) Cr+ 0.07 at.% Ir,
(b) Cr+ 0.17 at.% Ir, (c) Cr+ 0.20 at.% Ir and (d) Cr+ 0.25 at.% Ir. The broken curves are
the expected non-magnetic behaviour determined from the results for Cr+ 5 at.% V [18].

wave velocities is about 0.5 to 1.0%. The phase-comparison technique was more useful
for measurements over a wide temperature range where the changes in ultrasonic wave
velocities with temperature are large, while the pulse–echo overlap technique was useful
for the studies around the phase transition temperatures and for measuring ultrasonic wave
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Figure 3. The temperature dependence of the elastic constantc′ = 1
2(c11−c12) for (a) Cr+0.07

at.% Ir, (b) Cr+0.17 at.% Ir, (c) Cr+0.20 at.% Ir and (d) Cr+0.25 at.% Ir. The broken curves
are the expected non-magnetic behaviour determined from the results for Cr+ 5 at.% V [18].

Figure 4. The temperature dependence of the bulk modulusB = 1
3(c11+2c12) for (a) Cr+0.07

at.% Ir, (b) Cr+0.17 at.% Ir, (c) Cr+0.20 at.% Ir and (d) Cr+0.25 at.% Ir. The broken curves
are the expected non-magnetic behaviour determined from the results for Cr+ 5 at.% V [18].

attenuation near these temperatures.
Thermal expansion measurements were made using a strain gauge technique. These

measurements were done relative to Cr+ 5 at.% V, which remains paramagnetic at all
temperatures and serves [1, 15] to simulate the non-magnetic component of the Cr–Ir
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Table 1. The magnetic transition temperaturesTsf , TIC , TCI andTN for Cr–Ir alloys obtained
from thermal expansion, velocity of sound, ultrasonic attenuation and electrical resistivity
measurements.

Transition From From From From
temperature thermal ultrasonic ultrasonic resistivity

at.% Ir (K) expansion velocity attenuation measurements

0.07 Tsf — 101.1± 0.9 100± 2 —
TN 318± 1 320.0± 0.4 320.5± 0.6 317± 4

0.17 Tsf — 86.1± 0.4 84± 3 —
TN 322± 1 323.9± 0.4 322.1± 0.2 324± 9

0.20 Tsf — 58± 2 — —
TIC 270± 1 272± 1 272.3± 0.2 273± 3
TCI 254± 1 255± 1 255.7± 0.1 255± 3
TN 385± 5 376± 1 — 378± 1

0.21 Tsf — 53± 6 — —
TIC — 270± 2 — —
TCI — 248± 3 — —
TN — 380± 4 — —

0.25 Tsf — 22± 6 — —
TIC 258± 3 245± 2 — —
TCI 235± 5 214± 4 — —
TN 389± 5 402± 8 — 391.5± 0.5

crystals, i.e.(1L/L)meas = (1L/L)Cr−V − (1L/L)Cr−Ir . The error in the absolute values
of 1L/L is about 5%, while changes of 3× 10−7 could be detected easily. Measurements
for thermal expansion were recorded at 0.1 K intervals while slowly heating or cooling the
samples at a rate of about 0.3 K min−1. The heating and cooling rates for the ultrasonic
measurements were about 0.5 K min−1.

3. Results

3.1. Ultrasonic measurements

The elastic constants were obtained from the ultrasonic wave velocities and densities
of the crystals by using the standard equations [16] for cubic crystals. Densities were
determined by hydrostatic weighing in water. Ultrasonic wave velocity data were corrected
for transducer diffraction effects by using methods developed by Kittinger [17]. The elastic
constants were corrected for the effects of thermal expansion of the sample by using the
thermal expansion measurements reported in the next section. Wave velocity measurements
were done in the temperature range from liquid nitrogen or liquid helium temperatures up
to 450 K.

The temperature dependences ofc11, c44, c′ = 1
2(c11 − c12) and of the bulk modulus

B = 1
3(c11+ 2c12) are shown, respectively, in figures 1, 2, 3 and 4. Also shown in these

figures are the temperature dependences of the same quantities for a Cr+ 5 at.% V alloy
single crystal [18]. This latter crystal remains paramagnetic for allT > 0 K and the
temperature dependences of its elastic constants represent [1, 15] that of the non-magnetic
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Figure 5. The temperature dependences ofc11, c44 andc′ = 1
2(c11− c12) of Cr+ 0.20 at.% Ir

(panels (a), (b) and (c)) and of Cr+ 0.25 at.% Ir (panels (d), (e) and (f)) near the I–C and C–I
phase transition temperatures. Points marked• were measured during heating runs and those
marked◦ were measured during cooling runs.

component of the corresponding elastic constant for a Cr–Ir alloy.
The longitudinal mode elastic constantc11 as well asB show deep minima of magnetic

origin at TN and step-like decreases atTIC on heating. The transition atTIC shows a
large hysteresis effect in all elastic constants on heating and cooling, as shown in figure
5 for the two crystals containing respectively 0.20 and 0.25 at.% Ir. The width of the
hysteresis for the 0.20 at.% Ir alloy is about 20 K. For the 0.25 at.% Ir alloy the transition
at TIC (on heating) and atTCI (on cooling) each appear in two steps (figure 5) while the
transition atTN seems to be smeared out (figures 1 and 4). This is probably due to sample
inhomogeneities in this crystal. In fact, electron microprobe analyses at up to about 100
points on the surface of the two crystals containing 0.20 and 0.25 at.% Ir show that the
former crystal is of much better homogeneity than the latter. The 0.25 at.% Ir crystal was
found to have a distinctive part with a fraction of roughly one third of the surface through
which the average concentration, 0.21 at.% Ir, was about 16% lower than for the rest (0.25
at.% Ir) of the crystal. X-ray Laue diffraction photos on these two parts show that they are
in the same crystal. We nevertheless show the results for the Cr+0.25 at.% Ir crystal, as it
clearly shows the type of magnetic anomalies observed atTsf , TIC andTN . The results for
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this crystal corroborate the general form of the anomalies observed at these temperatures
for the elastic constants of the Cr+ 0.20 at.% Ir sample, which is of good homogeneity.

TN was taken at the deep minima on thec11–T curves of figure 1. The values ofTN
obtained in this way are also shown in figures 2, 3 and 4 which show the type of anomalies
observed inc44, c′ andB at TN . TIC (on heating) andTCI (on cooling) were taken at the
inflection points of the sharp steps in figure 5. For the Cr+ 0.20 at.% Ir alloy we obtained
TIC = 272± 1 K andTCI = 255± 1 K which corresponds very well with values obtained
from electrical resistivity measurements [19] on a sample cut from the same crystal boule.
Electrical resistivity studies giveTIC = 273±3 K andTCI = 255±3 K. The results suggest
a first-order magnetic ISDW–CSDW transition in Cr–Ir single crystals as was previously
also observed [8, 9] for a Cr+0.3 at.% Ru alloy single crystal. The ISDW–CSDW transition
in the Cr+ 0.25 at.% Ir alloy occurs in two distinctive steps (figure 5) characterizing the
two distinct regions of the different concentrations in this crystal. We interpret one step as
occurring for the part of the crystal of concentration 0.21 at.% Ir and the other step for the
rest of the crystal with concentration 0.25 at.% Ir. The temperaturesTIC andTCI at each
of these steps fit well into the Cr–Ir magnetic phase diagram [19, 20]. This is also the case
for TN estimated from figure 1(d) for the two parts of the crystal.

Figure 6. The temperature dependence ofc44 near the spin-flip transition temperature for
(a) Cr+ 0.07 at.% Ir, (b) Cr+ 0.17 at.% Ir, (c) Cr+ 0.2 at.% Ir and (d) Cr+ 0.25 at.% Ir. Note
the different temperature scales of the different panels.

The magnetic anomalies at the spin-flip transition temperature,Tsf , are most clearly
observed in the shear elastic constantsc44 and c′ of figures 2 and 3. An example of the
behaviour close toTsf is shown in figure 6 forc44 for the four crystals. No hystereses were
observed between heating and cooling runs throughTsf . Tsf was defined at the minimum
points shown in this figure. Table 1 gives the transition temperatures obtained in this study
from ultrasonic and thermal expansion measurements. Also given in table 1 are values
deduced for 0.21 at.% Ir from the distinctive behaviour of the two parts of the 0.25 at.% Ir
alloy. The transition temperatures of these two parts fit in rather well with the data for the
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Figure 7. Ultrasonic attenuation coefficients,γ , for the c11, c44, cL = 1
2(c11 + c12 + 2c44)

and c′ = 1
2(c11− c12) mode wave propagations as functions of temperature near the spin-flip

transition temperature. Panels (a), (b) and (c) are for Cr+ 0.07 at.% Ir and panels (d), (e) and
(f) for Cr+ 0.17 at.% Ir.

other samples.TN andTIC for this study correspond well with values obtained in previous
studies [19, 20] on Cr–Ir alloys using different techniques.Tsf was however not previously
determined.

The ultrasonic attenuation coefficient,γ , for the c11, c44, cL andc′ propagation modes
near the spin-flip transition temperature is shown in figure 7 for the Cr–Ir crystals containing
0.07 and 0.17 at.% Ir. This quantity was not studied for the crystals containing 0.20 and
0.25 at.% Ir.γ shows well defined peaks atTsf for Cr+0.07 at.% Ir and Cr+0.17 at.% Ir.
The temperatures of these peaks agree well with the temperatures of the small minima inc44

nearTsf (figure 6 and table 1). No hysteresis effects were observed, within the experimental
error in γ nearTsf for the crystals containing 0.07 and 0.17 at.% Ir. Another Cr alloy in
which γ was previously measured is a Cr+ 0.5 at.% V single crystal for whichγ was
measured [21] for longitudinal sound propagation only, in both the poly-Q and single-Q
states. Our crystals were not field cooled and are therefore in the poly-Q state. For Cr+0.5
at.% V in the poly-Q state,γ for longitudinal modes shows [21] a small step-like decrease
when the TISDW phase is entered with increasing temperature throughTsf . This is to
be compared with peaks observed atTsf in γ for all three propagation modes of poly-Q
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Figure 8. Ultrasonic attenuation coefficients,γ , for the c11, c44, cL = 1
2(c11 + c12 + 2c44)

and c′ = 1
2(c11 − c12) mode wave propagations as functions of temperature near the I–C (on

heating, points•) and C–I (on cooling, points◦) phase transition temperatures. Panels (a), (b)
and (c) are for Cr+ 0.20 at.% Ir and panels (d), (e) and (f) for Cr+ 0.25 at.% Ir. Temperatures
TCI andTIC marked in panels (d), (e) and (f) for the Cr+ 0.25 at.% crystal are values taken
from figures 5(d), 5(e) and 5(f). For Cr+ 0.20 at.% Ir,TIC and TCI marked at the peaks in
panels (a), (b) and (c) in this figure correspond closely to the same temperatures marked for the
same crystal in figure 5. Note that in panels (d), (e) and (f) there are two values ofTIC and
TCI for each panel. These are due to the two distinct parts of different concentrations in the
crystal containing 0.25 at.% Ir used in the ultrasonic work. In each of panels (d), (e) and (f)
the twoTIC -values marked refer to the heating curves (•) and those markedTCI to the cooling
curves (◦).

Cr+ 0.07 at.% Ir and Cr+ 0.17 at.% Ir alloys of the present study.
Figure 8 showsγ for thec11, cL, c44 andc′ modes nearTIC andTCI for the two crystals

containing 0.20 and 0.25 at.% Ir. For Cr+ 0.20 at.% Ir there appear sharp peaks atTIC
and atTCI for all of the propagation modes, similarly to those observed [8] for a Cr+ 0.3
at.% Ru crystal. An interesting feature in figure 8 is the broad hump inγ just above the
sharp peak observed in thec11 propagation mode for Cr+0.20 at.% Ir, during both heating
and cooling runs. It is rather small for the two shear modes (figure 8). The reason for this
hump is suggested to be the possibility that ISDW and CSDW antiferromagnetic domains
coexist near the I–C or C–I transitions, as was also suggested to be the case for a Cr+ 0.3
at.% Ru crystal [8, 22]. For the Cr+ 0.25 at.% Ir crystal,γ nearTIC andTCI is smeared
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out (figure 8), probably due to the inhomogeneity of the crystal.
We were not successful in measuring the ultrasonic attenuation for all modes of all of

the Cr–Ir crystals nearTN . We had some success only for the two crystals containing 0.07
and 0.17 at.% Ir for whichγ could only be measured successfully for thec11 andc′ modes
of the Cr+0.07 at.% Ir crystal and for thec44 andc′ modes of the Cr+0.17 at.% Ir crystal.
The ultrasonic attenuation for longitudinal waves in the three crystals containing 0.17, 0.20
and 0.25 at.% Ir becomes so large near and aboveTN that γ for these modes falls outside
the range of the equipment, making measurements ofγ impossible. We also were not able
to measureγ for shear mode propagation nearTN for these two crystals.

Figure 9. The ultrasonic attenuation coefficient,γ , as a function of temperature through the
Néel pointTN . γ11 is for the c11 mode propagation direction of Cr+ 0.07 at.% Ir (panel (a))
andγ ′ for the c′ = 1

2(c11− c12) mode propagation direction of Cr+ 0.17 at.% Ir (panel (b)).
Points marked• were measured during heating runs and those marked◦ were measured during
cooling runs. Note the different temperature scales of the two figures.

Figure 9(a) showsγ for the c11 propagation mode of the Cr+ 0.07 at.% Ir crystal as
a function of temperature. There is a very sharp and huge peak inγ at TN , showing no
hysteresis effect in the value ofTN in heating and cooling runs. An interesting observation
is the small peak in theγ–T curve just belowTN . The appearance of this small peak is
dependent on the thermal history of the sample and is not always present when the sample is
cycled throughTN , although the peak atTN remains unchanged during heating and cooling
cycles. We think that the small peak originates from antiferromagnetic domain effects, the
distribution of which depends on the thermal history of the sample.

Figure 9(b) shows theγ–T curve for thec′ mode propagation of the Cr+ 0.17 at.%
Ir crystal. There is a small peak atTN with a smaller peak just belowTN . The presence
or absence of the latter depends on the thermal history of the sample and may also be due
to antiferromagnetic domain effects. The concentration in this crystal is also very close
to the triple-point concentration, meaning that the slightest sample inhomogeneities may
result in parts of the crystal being in the CSDW phase and others in the ISDW phase close
to and belowTN . We could not find any evidence for an I–C transition in this crystal,
but the last-mentioned effect may probably also contribute to the difference in behaviour
observed belowTN in figure 9(b) between heating and cooling runs. This will probably
also contribute to the broadness of theTN transition in Cr+ 0.17 at.% Ir compared to that
in Cr+0.07 at.% Ir as shown in figure 10, which shows the temperature dependence of the
longitudinal elastic constantscL and c11, respectively, for these two crystals close toTN .
The hysteresis belowTN for these two crystals (figure 10) is ascribed to antiferromagnetic
domain effects, giving different domain patterns during heating and cooling runs [23]. No
hysteresis effects were observed within the experimental error in the longitudinal mode
elastic constants belowTN for the Cr+ 0.2 at.% Ir and Cr+ 0.25 at.% Ir crystals.
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Figure 10. (a) The temperature dependence ofc11 for Cr+ 0.07 at.% Ir showing the hysteresis
effects belowTN . (b) The temperature dependence ofc11 for Cr + 0.07 at.% Ir close to
TN . Panel (b) is an enlargement of the data in (a) aroundTN . (c) Hysteresis effects for
cL = 1

2(c11+ c12+ 2c44) for Cr+ 0.17 at.% Ir nearTN . Points marked• in these figures were
measured during heating runs and those marked◦ were measured during cooling runs. Note
the different temperature scales used for the different figures.

3.2. Thermal expansion

Figure 11 shows the absolute value,|1ω|, of the magnetovolume,1ω, where

1ω = 3(1L/L)meas = 3
[
(1L/L)Cr−V − (1L/L)Cr−Ir

]
of section 2, as a function of temperature for the four Cr–Ir crystals for both heating and
cooling runs. The magnetovolume of the Cr–Ir crystals is negative. An interesting point in
figure 11 is the hysteresis belowTN for Cr+ 0.07 at.% Ir and Cr+ 0.17 at.% Ir as well as
the hysteresis belowTIC for Cr+ 0.20 at.% Ir and Cr+ 0.25 at.% Ir. For the latter two
crystals there are no hystereses betweenTIC andTN . The hysteresis effects are ascribed to
antiferromagnetic domain effects. In fact similar hysteresis effects, due to the temperature
dependence of the magnetic domain structure, were also observed in neutron diffraction
studies belowTN of pure Cr [24] which is in the ISDW phase for allT < TN as is the case
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Figure 11. The absolute value,|1ω|, of the magnetovolume,1ω, as a function of temperature
for (a) Cr+ 0.07 at.% Ir, (b) Cr+ 0.17 at.% Ir, (c) Cr+ 0.20 at.% Ir and (d) Cr+ 0.25 at.% Ir.
Panels (e) and (f) show the behaviour close toTIC andTCI , respectively, for Cr+ 0.20 at.%
Ir and Cr+ 0.25 at.% Ir. Points marked• in these figures were measured during heating runs
and those marked◦ were measured during cooling runs. Note the different temperature scales
used for the different figures.

for Cr+ 0.07 at.% Ir and Cr+ 0.17 at.% Ir. It is interesting to note that thermal hysteresis
effects persist for1ω in the TISDW phases of all of the crystals (figure 11) to much lower
temperatures than forγ and cij (figures 8 and 10). Hysteresis effects were also observed
in the elastic constants of a Cr+ 0.3 at.% Ru crystal belowTIC [8]. Pure Cr shows no I–C
phase transition and remains in the ISDW phase belowTN . One thus expects similar thermal
expansion behaviour for pure Cr and for the two Cr–Ir crystals containing 0.07 and 0.17
at.% Ir (figures 11(a) and 11(b)). We therefore also measured for comparison the thermal
expansion of a pure Cr single crystal but were unable to detect any thermal hysteresis for
this crystal belowTN . Two other Cr alloys that show thermal expansion hysteresis effects
are polycrystals of Cr+0.55 at.% Re [25], Cr+0.6 at.% Mn and Cr+0.9 at.% Mn [26]. For
these polycrystals thermal hysteresis occurs only in the temperature range of the I–C and
C–I phase transitions. It does not extend to temperatures well below these phase transition
temperatures as was observed in our study on the Cr–Ir alloy single crystals (figure 11).
A further point of interest is that those Cr–Re and Cr–Mn alloys which do not contain an
I–C transition show [25, 26] no thermal expansion hysteresis belowTN in contrast with
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the observation for the Cr–Ir crystals of figures 11(a) and 11(b). As can be seen from the
|1ω|–T curve for the Cr+ 0.25 at.% Ir crystal (figure 11(f)), the inhomogeneities in this
crystal only broaden the I–C and C–I transitions without showing two distinctive steps for
the two crystal parts as was observed in the elastic constant measurements of figure 5.

The coefficient of thermal expansion,α, was calculated for each crystal from the
(1L/L)meas–T measurements using the data of Robertset al [27] for α for Cr+ 5 at.% V
to obtainα for the Cr–Ir crystals. The results are shown in figure 12 for heating runs. Of
interest are: (i) the sharp minima inα–T at TN for the Cr+ 0.07 at.% Ir and Cr+ 0.17
at.% Ir crystals, (ii) shallower, and overall broader, minima atTN for Cr+ 0.20 at.% Ir
and Cr+ 0.25 at.% Ir, (iii) negative or near-zero values ofα nearTN for the latter two
crystals, (iv) extremely large (up to about+120× 10−6 K−1) α-values atTIC for Cr+ 0.20
at.% Ir and Cr+ 0.25 at.% Ir and (v) a negative magnetic contribution toα at TN and
an extremely large positive magnetic contribution toα at TIC for all of the crystals. The
magnetic contributions toα are given in figure 12 by the difference between theα-value
for Cr+ 5 at.% V (broken lines) and the measured value for the particular Cr–Ir alloy at
each temperature.

4. Discussion

We used a thermodynamic model that was previously successfully used for several Cr
alloys [1, 11, 28–30] to analyse the magnetic contributions to the bulk modulus and to the
magnetovolume. The main assumptions of the model are that the magnetic free energy is
separable from the total free energy and that volume strain terms in the free energy dominate
shear strain effects. The last assumption is nearly fully satisfied for the TISDW phases of
the Cr+0.07 at.% Ir and Cr+0.17 at.% Ir crystals for which magnetic contributions to the
shear elastic constants (figures 2 and 3) are very small. It is only approximately valid for the
CSDW phases of the other two Cr–Ir crystals, for which magnetic contributions to the shear
elastic constants forTIC < T < TN are a little larger than those for the former two crystals,
but still much smaller than the magnetic contributions to the longitudinal mode constants.
We analysed the results for the ISDW phases of the Cr+ 0.07 at.% Ir and Cr+ 0.17 at.%
Ir crystals and for the CSDW phases of the two crystals containing 0.20 and 0.25 at.% Ir.
Below TN , but not in the limitT → TN , the magnetic free energy [1] is written as

1F(t, ω) = φ(ω)f (t (ω)) (1)

whereφ(ω) depends on the volume strain. Heref (t (ω)) is taken [1] asf (t (ω)) = (1−t2)2,
where the reduced temperaturet = T/T0(ω), andT0(ω) is a critical temperature parameter.
It was found, to a good approximation, for Cr–Fe [30] and Cr–Si [11] alloys thatT0 is given
by TN . In analysing the Cr–Ir data we also used this approximation.

It follows [11, 30] from equation (1) that

1ω = a0+ a1t
2+ a2t

2 (2)

and

1B = b0+ b1t
2+ b2t

4 (3)

where1B is the magnetic contribution toB and1ω is the magnetovolume. The constants
(a0, a1, a2) and (b0, b1, b2) containφ, its first and second derivatives (φ′ and φ′′) with
respect to strain, as well as d lnTN/dω. The theory also gives

a1/a0+ a2/a0 = −1. (4)
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Figure 12. The coefficient of thermal expansion,α, as a function of temperature for (a) Cr+0.07
at.% Ir, (b) Cr+ 0.17 at.% Ir, (c) Cr+ 0.20 at.% Ir and (d) Cr+ 0.25 at.% Ir. Panels (e) and (f)
show, respectively,α for Cr+ 0.20 at.% Ir and Cr+ 0.25 at.% Ir close toTN . Data are shown
for heating runs. The broken lines show the temperature dependence ofα for Cr+ 5 at.% V.
Note the different temperature scales used in the different figures.

Fawcett and Alberts [28, 29] consideredφ in equation (1) as a constant for the
temperature regionsT → TN from above or from below. This leads [1] to the following
equations for these temperature regions:

dTN
dω
= 1

B
lim
t→1
(1B/1β) t < 1 (5)

and

dTF
dω
= 1

B
lim
t→1
(1B/1β) t > 1. (6)

HereTF is a characteristic spin-fluctuation temperature and1β = 31α is the magnetic
contribution to the coefficient of volume thermal expansion. The requirement that dTN/dω
and dTF /dω be determined only in the limitT → TN is not stringent [28]. Plots of1B(t)
against1β(t), both above and belowTN , were found to be linear over a relatively wide
temperature range nearTN for several Cr alloy systems [1, 11, 29, 30]. One can then
determine the above quantities from these linear parts.
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The experimental data for1ω and1B for the Cr–Ir crystals were found to fit equations
(2) and (3) very well over a temperature range of about 150 K, or more, belowTN for the
ISDW phases of the Cr+ 0.07 at.% Ir and Cr+ 0.17 at.% Ir crystals and over a range of
about 80 K for the CSDW phases, just belowTN , of the other two crystals. The fitting
parameters were of the same order of magnitude as that obtained previously for Cr–Si [11]
and Cr–Fe [30] alloys. By applying equation (4) to the coefficients obtained in the fits,
we found for the left-hand side of equation (4) values of−0.65,−0.45,−0.71 and−0.83
for the Cr–Ir crystals with respectively 0.07, 0.17, 0.20 and 0.25 at.% Ir. These values are
similar to values obtained for Cr–Si [11] and Cr–Fe [30] alloys.

Figure 13. The magnetic contribution to the bulk modulus,1B(t), as a function of the magnetic
contribution to the volume thermal expansion coefficient,1β(t): (a) Cr+ 0.07 at.% Ir and
(b) Cr+ 0.17 at.% Ir. The straight lines are least-squares fits to the data and the values oft at
the encircled points are shown in the figures.

For the two crystals containing 0.07 at.% Ir and 0.17 at.% Ir, which remain in the
ISDW phase for allT < TN , we found1B to be proportional to1β over reasonably large
temperature regions both below and aboveTN . This is shown in figure 13. We could not
find useful linear regions of1B versus1β for the CSDW phases of the Cr+ 0.20 at.%
Ir and Cr+ 0.25 at.% Ir crystals. We obtain from equations (5) and (6) and the slopes
of figures 13(a) and 13(b) dTN/dω = 0.13× 105 K and 1.27× 105 K, respectively, for
T < TN for the Cr+ 0.07 at.% Ir and Cr+ 0.17 at.% Ir crystals. These values are to
be compared with dTN/dω obtained from direct high-pressure measurements of dTN/dp.
Unfortunately dTN/dp was only measured up to now for the former crystal, giving [23]
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dTN/dp = −58± 4 K GPa−1. From this value we obtain, using the equation [31]

dTN/dω = −B(dTN/dp)[1− 3αB dTN/dp]−1. (7)

dTN/dω = (0.18±0.02)×105 K, which compares reasonably well with the value obtained
from figure 13 for the Cr+ 0.07 at.% Ir crystal. The error in dTN/dω obtained from figure
13 is estimated to be between 10% and 20%.

For T > TN we obtain from figure 13 dTF /dω = 0.58× 105 K and dTF /dω =
0.60×105 K, respectively, for Cr+0.07 at.% Ir and Cr+0.17 at.% Ir. In the former crystal
dTF /dω > dTN/dω, as was also observed for other dilute Cr alloys [11, 28]. This means
that the short-range magnetic order and spin fluctuations aboveTN in the Cr+ 0.07 at.% Ir
crystal are more volume dependent than the SDW belowTN . In the Cr+0.17 at.% Ir crystal
the situation is however just the reverse; dTF /dω < dTN/dω. This is the only Cr alloy of
which we are aware for which dTF /dω < dTN/dω. It must however be kept in mind that
the Cr+ 0.17 at.% Ir sample is very close to the triple-point Ir concentration of 0.15 at.%
Ir [20]. We suggest that this fact possibly makesTN for this crystal very unstable against
volume changes, a fact that is to be verified by direct dTN/dp measurements. The Cr+0.17
at.% Ir crystal behaves also anomalously in its magnetovolume. At low temperatures, where
all four Cr–Ir crystals are in the ISDW phase,|1ω| ≈ 1× 10−3 for Cr+ 0.17 at.% Ir while
for the other three crystals|1ω| ≈ 2× 10−3.

Sato and Maki [32] studied the ultrasonic attenuation of dilute Cr alloys aboveTN
theoretically. They found thatγ for both longitudinal and shear waves should diverge as
(T/TN − 1)−1/2 for a transition into the ISDW state, no divergence for a transition into
the CSDW state and a divergence as (T/TN − 1)−5/4 for an alloy with a concentration in
the vicinity of the triple-point concentration. Our data forγ for Cr+ 0.07 at.% Ir (figure
9(a)) could not be fitted forT > TN to the power law (T/TN − 1)−1/2. On the other
hand,γ for the c′ mode of the Cr+ 0.17 at.% Ir crystal, which is close to the triple-point
concentration, fits the power law (T/TN −1)−5/4 predicted by Sato and Maki [32] very well
for temperatures just aboveTN . Due to the fact that we could not measureγ successfully
nearTN for the Cr+0.20 at.% Ir and Cr+0.25 at.% Ir crystals, we could not test Sato and
Maki’s [32] results for the transition into the CSDW phase.

Katsnel’son and Trefilov [33] recently studied the anomalies in the elastic constants
and thermal expansion of Cr alloys theoretically. They considered the effects of the
disappearance of the antiferromagnetic SDW energy gap in the electron spectrum on the
electron screening and phonon spectrum of the alloys, and showed that the elastic constants
should soften and that there is a negative contribution to the thermal expansion coefficient
at TN . The theory further predicts thatB should soften much more than the shear elastic
constants. These predictions of the theory are fulfilled by the present study on Cr–Ir alloys,
as is also the case for other dilute Cr alloys [1]. Katsnel’son and Trefilov [33] found that
the magnetic contributions to the thermal expansion and shear elastic constants should vary
as (TN −T )−1 if the density-of-states function in the paramagnetic phase is smooth near the
Fermi level and as (TN − T )−5/4 if it has a van Hove singularity there. The results of the
present study on Cr–Ir alloys were however found not to fit any one of these two power
laws.

5. Conclusions

The magnetoelastic properties of dilute Cr–Ir alloy single crystals were studied for the first
time for alloys containing 0.07, 0.17, 0.20 and 0.25 at.% Ir. All elastic constants soften when
the spin-density-wave state is entered on cooling through the Néel transition. The softening
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of the longitudinal mode constants is the largest, up to 35%, while it is only about 3% for
the shear mode constants. This observation shows that the Cr–Ir crystals very closely fulfil
the assumptions of the thermodynamic model for the magnetoelasticity of dilute Cr alloys,
making the model applicable for analysing the temperature dependence of the magnetic
contributions to the bulk modulus (1B) and the magnetovolume (1ω) of the Cr–Ir system.
The model successfully fits1B(T ) and1ω(T ) for the incommensurate spin-density-wave
states of the two alloys containing 0.07 and 0.17 at.% Ir as well as for the commensurate
spin-density-wave states of the two containing 0.20 and 0.25 at.% Ir. It also gives a value
of the volume derivative of the Ńeel temperature of the Cr+0.07 at.% Ir crystal, calculated
from the magnetic contributions to the bulk modulus and thermal expansion, that agrees
fairly well with a value obtained from direct high-pressure measurements. The suitability of
the thermodynamic model for analysing the magnetoelastic properties of dilute Cr alloys is
now well established. The longitudinal elastic constants of the Cr+0.20 at.% Ir and Cr+0.25
at.% Ir crystals stiffen by about 6% and the shear constants by about 3% when they are
cooled through the commensurate–incommensurate (C–I) spin-density-wave transition. This
transition is hysteretic with a hysteresis width of about 20 K, very similar to that observed
previously for a Cr+ 0.3 at.% Ru alloy which is also a member of the Cr alloy system
with group-8 non-magnetic transition metals. The ultrasonic attenuation coefficient (γ ) of
the Cr–Ir alloy crystals shows well defined peaks at the spin-flip transition temperature as
well is at the C–I and I–C transition temperatures. Peaks were also observed inγ (T ) for
Cr+0.07 at.% Ir and Cr+0.17 at.% Ir at the Ńeel transition. We were not able to measure
γ (T ) for the other two crystals.
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