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Magnetoelasticity of dilute Cr-Si alloy single crystals 

R A Andersont, H L Alberts and P Smit 
Department of Physics, Rand Afrikaans University, P 0 Box 524, AuckIand Park, 
Johannesburg 2006, South Africa 

Reeei~ed 12 November 1992 in final form 13 J a n u q  1993 

Abstract. Measurements are reported of the temperature dependence of the elastic 
constants and thermal expansion of dilute Cr-Si alloy single clystals containing 05, 
1.2. 1.6 and 3.0 aL% Si. Well defined anomalies in all elastic constants, and in lhe 
thermal expansion, were observed at the Nee1 points (TN) and at the "mensurale- 
incommensurate spin density wave transition temperatures (TIC) of the alloys. Elastic 
anomalies were also observed a1 the longitudinal-transverse inwmmensurate spin density 
wave transition temperature of the Cr + 0.5 at.% Si crySral, but not in the thermal 
a p n s i o n  thereof. The transition at the Niel point of the Cr + 05 at% Si nystal 
h continuous, that of the Cr + 1.2 al.% Si and Cr + 1.6 at.% Si nystals of first 
order, while the order of the transition in the Cr + 3.0 a t %  Si crystal muld not be 
determined unambiguously. For the Cr + 1.2 at.% Si and Cr + 1.6 aL% Si crystals the 
discontinuous transitions at TN show hysteresis behaviour. In the 1.2 at.% Si cqxlal it 
is also accompanied by structure effects lhal were absent for 1.6 at.% Si. Hysteresis, 
accompanied by ~VUcture eiiech, was also observed at lic for Cr + 1.2 at.% Si. The 
structure effects are ascribed to the possibility of mixed inmmmensurate-commensmte 
spin density wave states in the dilute Cr-Si magnelic phase diagram. The magnetmlume 
and magnetic contributions to the bulk modulus have been found to fit the equation 
a + b p  + c p ,  predicled by lhealy, rather well up to temperatures (r)  close to the 
Neil points of Cr + 0.5 at.% Si and Cr + 1.6 al.% Si. 

1. Introduction 

The magnetic phase diagram of the dilute Cr-Si alloy system is complex [l]. It consists 
of a commensurate (c) spin density wave (SDW) region, an incommensurate (I) SDW 
region appearing at low Si concentrations, and a paramagnetic (P) region. A triple 
point exists near 1 at.% Si and 230K, where the above three states coexist. There is 
a further remarkable feature in the magnetic phase diagram: it has [2] a re-entrant 
CSDW phase in the Vicinity of the triple point. This feature is unique among Cr 
binary alloys containing non-transition metals. The magnetic phase diagram [l] of 
Cr-Ge alloys, for instance, behaves normally, without any re-entrant feature. Indirect 
evidence for the reentrant feature in the magnetic phase diagram of the Crsi 
alloy system was obtained by Mizuki and co-workers [2] from neutron diffraction 
experiments on a Cr t 0.85 at.% Si single crystal. A change in sign was observed for 
dQ/dT, where Q is the SDW wavevector, of Cr t 0.85 at.% Si at a temperature 
T = BOK, which lies below the N6el point, TN = 258K. Thisis alloy has a 
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concentration just lower than the triple-point concentration and remains in the lSDW 
phase for T < TN. For BOK < T < TN, dQ/dT is positive, the ISDW phase 
becomes more ‘commensurate’ as the temperature is lowered from TN to BOK, 
and for T < BOK, dQ/dT is negative. From these observations Mizuki and co- 
workers [2] suggest a re-entrant CSDW region in the magnetic phase diagram of C r S i  
alloys between 0.85 and 1.4 at.% Si, giving rise to an 14-I-P sequence of transitions 
as the temperature increases from OK in this concentration range. 

However, careful measurements [3] of the magnetoelastic propelties of 
polycrystalline C r S i  alloys close to the triple point show no effects of the re-entrant 
feature. One reason for this is probably the fact that the expected c 4 I and I -+ 
P transition temperatures in the re-entrant region are too close (c 1OK) together to 
be resolved by magnetoelastic measurements. A further complication in observing 
the re-entrant phase is due to the fact that no anomaly was observed 131 in either 
the bulk-modulus or the shear elastic constant at the I -+ C phase transition of 
polycrystalline C r S i  alloys. 

On the other hand, sharp anomalies were recently observed [4] at T,c in all elastic 
constants of a Cr + 0.3 at.% Ru single crystal. As far as we are aware, this was the 
first such study on dilute Cr alloy single crystals. Other dilute Cr alloy single crystals 
with I + c transitions should therefore also be studied to ascertain whether the elastic 
anomalies observed at TIC of the Cr + 0.3 at.% Ru crystal are a common feature of 
all Cr alloy single crystals. This is particularly so for dilute C r S i  alloys, for which 
the polycrystalline elastic constants show no anomaly at TIC and of which the single- 
crystal elastic constants have not yet been studied. Searching for evidence of the 
existence of the re-entrant CSDW phase in the C r S i  alloy system from the behaviour 
of the elastic constants should be more appropriate through studies on single crystals 
than on polycrystalline material. A study on C r S i  single crystals should furthermore 
provide valuable information concerning the first-order c + P transition observed in 
C r S i  alloys at TN for concentrations above the triple-point concentration. 

We report a detailed study of the elastic constanis and thermal expansion of 
dilute CrSi  alloy single crystals. Well defined anomalies were observed in all elastic 
constants at qc in single-crystal alloys, although such anomalies were absent in the 
previous studies on polycrystalline material. 

2. Experimental procedure 

Single crystals of dilute Cr-Si alloys containing 0.5, 1.2, 1.6 and 3.0 at.% Si were 
grown by a floating-zone technique using RF heating in a pure argon atmosphere. A 
bar of the alloy, roughly cylindrical in form, of length between 10-15cm and diameter 
between 7-10” was first prepared by RF melting in a horizontal cold crucible. This 
bar was then grown into a single crystal of length about 5cm and diameter about 
6mm by the floating-zone technique with the bar in a vertical position. The starting 
materials were 99.996% pure iochrome and 99.999% pure Si. Electron microprobe 
analysis at different positions on the crystals shows that they are homogeneous to 
within less than 5% of the quoted concentration and that the actual concentration 
differs on the average by about 6% from the above quoted nominal concentrations. 
The crystals were prepared €or the ultrasonic measurements with parallel (100) and 
(110) faces by spark planing. Distances between these parallel faces were of the order 
of 6“. and the surface areas were about 25-30mm3. 
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Ultrasonic (10MHz) wave velocities were determined using either a phase 
comparison method [SI or, in some instances, the pulseecho overlap technique [6], 
depending upon which equipment produced the best signals for measurement The 
sensitivity of the former technique was about 1 part in 16 or better, and of 
the latter about 1 part in 16. The error in the absolute values of the sound 
velocity is about 0.5%. As previously described [7l, thermal-expansion measurements 
were made using a strain gauge technique. Measurements were made relative to 
Cr + 5 at.% y which remains paramagnetic at all temperatures and serves to 
simulate [SI the non-magnetic component of the Cr-Si alloys, i.e. (ALIL) , ,  = 
(AL/L),-, - (AL/L)fi-sv Thermal-expansion measurements were made either 
along the [I001 or [110] directions The error in the absolute values of A L / L  is 
about 5%, while changes of 3 x could be detected easily. 

All ultrasonic measurements were done in the temperature range 77-500K by 
heating the sample slowly at a rate of about 0.6K per minute. For detailed 
measurements close to the transition temperatures the heating rate was about 3K per 
hour and the measurements were done at 0.01-0.05 K intervals. For some samples, 
measurements were also done on the cooling cycle to check for hysteresis effects. 
In the case of the thermal-expansion measurements, data were recorded at 0.05K 
intervals during cooling runs and at 0.005K during heating runs, which was done at 
a rate of about 0.06K per minute in the proximity of the transition. 

3. Results 

3.1. Elastic constants 

The elastic constants were obtained from the ultrasonic wave velocities and densities 
by using the standard equations [9] for cubic crystals. Densities were calculated from 
the lattice parameters of the alloys, which decrease by about 0.015% per at.% solute 
added [lo]. The effects of thermal expansion have been neglected in calculating the 
elastic constants. Thermal expansion measurements reported in the next section show 
that at 77K the correction amounts-to about 0.05%, and is too small to affect the 
data significantly. The discontinuity ( A L I L  in thermal expansion at TN 
for the alloys showing a first-order c-P transition, are furthermore also insignificant in 
affecting the longitudinal modes c,, and cL at T,. This discontinuity does, however, 
contribute in part to the anomalies observed at TN in the shear constants 

The temperature dependences of the elastic constants cll,cL = ?(cI1 + cl2 + 
Zc,), I.! = $(ell - c12) and cU are shown for Cr + 0.5 at.% Si, Cr + 1.2 at.% Si, Cr 
+ 1.6 at.% SI and Cr + 3.0 at.% Si, respectively, in figures 1, 2,3 and 4. Due to large 
attenuation of the ultrasonic waves for the cL mode in the Cr + 3.0 a t %  Si crystal, 
cL was not measured for this crystal. For the cI1 mode in the latter crystal very large 
attenuation was also observed in the CSDW phase below TN, although absent above 
TN, to such an extent that measurements of ctt below TN could not be done. These 
attenuation problems were absent for the shear modes in this crystal. In general, very 
good ultrasonic echoes were observed in the Cr-Si single crystals except for very large 
attenuation effects of the longitudinal modes in the CSDW phase, becoming largest 
for the Cr + 3.0 at.% Si crystal, thereby hampering measurements of cll in its CSDW 
phase. These attenuation effects were absent in the ISDW or P phases of the crystals. 
The high attenuation for the longitudinal modes cI1 and cL, usually observed in Cr 

5 x 
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Figure 1. Elastic conslants of Cr t 05 at.% Si as a function of tanperature (a) ctr. 
( ~ ) c u . ( c ) c L =  i ( c i i + c n + Z c ~ )  and(d) $ ( c t 1 - c ~ ) .  Forclarity,onlyoneoulof 
Nery dght pints  mCaSured is plotled. The bmkn cures are the expected non-magoelic 
behaviour determined f" mulls  of Cr t 5 ai.% V. 

and its alloys close to TN for the ISDW-P transition, was also observed in the Cr + 
05 at.% Si single crystal. Although large at TN, the attenuation was however such 
that the ultrasonic echoes were good at all temperatures and all elastic constants 
could be followed continuously through TN for Cr + 0.5 a t %  Si For the crystals 
(1.2 at.% Si, 16 at.% Si and 3.0 at.% Si) showing CSDW-P transitions at TN however, 
the attenuation for the cL and cI1 modes became so high at TN that the ultrasonic 
echoes were lost in a small temperature range around TN for Cr + 1.2 at.% Si and 
Cr + 1.6 a t %  Si and were completely lost at all temperatures below TN for cL, of 
Cr + 3.0 a t %  Si In the case of the shear modes, the magnetic states of the crystals 
do not have such a large effect on the ultrasonic attenuation. Tkble 1 summarizes the 
anomalies observed at T,,, qc and TN, T,, being the spin-flip transition temperature 
where the transverse (T) ISDW phase transforms to a longitudinal (L) ISDW phase. 

As in previous work [3,7J, the temperature dependence of the elastic constants of 
a Cr + 5 at.% V single crystal, which remains paramagnetic at all temperatures, was 
used as a reference for the expected temperature dependence of the non-magnetic 
behaviour of the Cr-Si single crystals. The curves for Cr + 5 at.% V [SI of the 
corresponding elastic constants in figures 1, 2, 3 and 4 were shifted slightly up or 
down to coincide as closely as possible with the high-temperature measurements of 
the C r S i  crystals. These curves are shown by the broken curves in figures 1, 2, 3 
and 4. Except for $(cll - cIZ) of the Cr + 3.0 a t %  Si crystal, the data for the 
temperature dependence of the shear modes above TN of the Cr-Si crystals are well 
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Fiium 2. Elastic constants of Cr + 1.2 at.% Si as a function of temperature. ( a )  ell, 
(a) e@. (c) CL = ~ ( C I I  + ct2 + Zcu) and ( d )  + ( q l  - cu). Points e were measured 
using the phase comparison method and points x using the pulse echo overlap method. 
In (e) and ( d )  wely second point is plotted for clarity, in (a) only one out of evely 
eight points measured and in (b) all the poinu are plotted. The broken C U N ~ F  are the 
expected non-magnetic behaviour determined from results of Cr t S at,% V. 

represented by that of Cr + 5 at.% V Magnetic effem persist in the longitudinal 
modes, ell and c,, of the Cr-Si crystals up to relatively high temperatures above TN. 
The magnetic contributions 

A C  = Cfi,v, - Cfi-si 

to the elastic constants are obtained by subtracting the measured values for the Cr-Si 
crystals from the broken curves in figures 1, 2, 3 and 4. 

Figure 5 shows the temperature dependence of the adiabatic bulk moclulus 
B = cL - cM - c'/3 for Cr + 0.5 at.% Si, Cr + 1.2 at.% Si and Cr + 1.6 at.% 
Si A B ,  Ac, and Ac,, obtained from figures 1, 2, 3 and 5 behave very similarly, 
showing much larger magnetic effects for the longitudinal modes than for the shear 
modes when the crystal is cooled through TN. This was previously also found for pure 
Cr I l l ]  and for other Cr alloys [l], for which magnetic effects in the shear modes 
are negligibly small. As can be seen in figure 1, shear effects are also negligibly small 
for the nSDw phase of Cr + 0.5 at.% Si, showing within the experimental error 
no magnetic effects down to T, when cooled through TN. Below T,,, in the LISDW 
phase, the magnetic contributions to the shear constants of this crystal are less than 
2% (figure 1). For the Cr + 1.2 at.% Si crystal, magnetic contributions to the shear 
constants in the CSDW phase are larger than in the ISDW phase of the clystal. In 
the CSDW phase between TI, and TN of this crystal, there is approximately a 2.4 % 
magnetic contribution to c44 and a 12% contribution to $(c,, - cI2), compared to 
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Figum 3. Elastic mnstants of Cr + 1.6 aL% Si as a function of temperature. (a) c11, 
(a) CU, (c) e~ = $(q1  + c y  + 2cu) and ( d )  i(q1 - clz) . For clarity only evety 
third point is plotted in ( a )  and (e), only cvery fourth point in (a) and every second 
point in (d) .  The broken ewes are the expected non-magnelic behaviour determined 
from results of Cr + 5 at.% V. 

contributions of respectively 0.6% and 4% in the ISDW phase below TIC On the other 
hand, in the case of the longitudinal-mode constants cll and cL of Cr + 1.2 at.% 
Si, the magnetic contributions in the CSDW phase vary between 18% near TIC and 
45% near TN, while it is approximately 10% below TIC in the ISDW phase. Magnetic 
effects in the longitudinal-mode constants in the CSDW phase of this crystal thus also 
dominate the shear effects, but to a lesser extent than for Cr + 0.5 at.% Si. This 
was also found for the CSDW phase of the Cr + 1.6 at.% Si crystal. Volume effecls 
therefore seem to be dominant in the magnetoelastic coupling of dilute Cr-Si alloys, 
as is also the case in pure Cr and other dilute Cr alloys [l]. 

As shown in figure 2, a reproducible structure was observed in the temperature 
behaviour of c, and $(cl, - q2) near T,  and TN of Cr + 1.2 at.% Si This 
structure is very prominent near TIC and is shown to a lesser extent also for cI1. It 
occurs within a temperature range of about 35K around TIC sz 150K for all three 
modes. In the case of j(cll - cI2) both pulse-echo overlap and phase comparison 
measurements are shown near TIC in figure 2, showing the structure very clearly. The 
structure in the shear constants at TN is not so clear in figure 2, where only every 
second point is plotted for clarity. The detailed measuremenls of $(cI1 - c l z )  on 
slowly heating the sample, however, show that the transition occurs near 250K in two 
stages, within a temperature range of about 5K In the first stage, high attenuation 
results in a loss of the ultrasonic echoes between 248K and %OK, accompanied by 
a jump in f(cll - cl2) between these two temperatures. At 25OK, halfway through 
the transition, the echos reappear in a small temperature range of about 1-2K to 
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Figure 4. Elastic constanu of Cr + 3.0 at.% Si as a function of temperature. (a) cll, 
(a) $(cl1 - c n )  and ( c )  c ~ .  For clarity only every second point is plotted in (a) and 
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behaviour determined fmm resulls of Cr + 5 at.% V. 

Table 1. Summary of the elastic constant anomalies observed at T,t, TIC and TN. 

Sample Mode Low-temperature Intermediate-temperature Higher-temperature 

05 at.% Si ctt Small IC transition not present Large, continuous 
CL Small IC transition not present Large, continuous 
C44 Small IC transition not present No anomaly 
;(cl, - cn) Small IC transition not present Very small 

12 at.% Si cl1 - Well defined with structure Large, nearly discontinuous 
CL - Well defined Large, nearly discontinuous 
C44 - Sharp with structure Nearly discontinuous 
;(clt- Cld - Sharp with structure Nearly diseontinuous 

anomaly at Zr anomaly at 7ic anomaly at TN 

with structure 

1.6 at.% Si e11 - - Large, nearly discontinuous 
CL - - Large, nearly discontinuous 
w - - Small 

- Small, nearly discontinuous 1 
Z(C11 - ClZ) - 

3.0 at.% Si c11 - - Attenuation too high 

CL - - Attenuation too high 

C44 - - Small, nearly discontinuous 
i(c11 - ClZ) - - Small 

lo observe 

to observe 
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Finre 5. Temperature dependencc of the adiabatic bulk modulus, B, as a funclion of 
temperature for (a) Cr + 0.5 at.% Si, (b)  Cr + 1 2  al.% Si and (e) Cr + 1.6 al.% Si. 
The broken cumes are the expected nonmagnetic behaviour determined from results of 
Cr + 5 ai.% V 

disappear again, due to high attenuation, in the second stage up to about 253K The 
second stage is again accompanied by a jump in 4 ( q 1  - qZ). Due to the very large 
attenuation, accompanied by a total loss of the ultrasonic echoes for the longitudinal 
modes near TN, no structure could be observed in the behaviour of cI1 or c, for Cr 
+ 1.2 at.% Si near TN. Heating and cooling runs for cL through TN show a hysteresis 
effect of width about 7K, as was also found in the thermal expansion meaSuremenOi 
(see subsection 3.2), for this crystal. 

In an initial study [I21 on the longitudinal wave velocity along [I101 of the Cr 
+ 1.6 at.% Si crystal, we observed no hysteresis effem during heating and cooling 
runs through TN. The high attenuation obserwd close to TN for the longitudinal 
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modes in this crystal hampered an accurate observation of hysteresis effects in these 
modes at TN, especially when the hysteresis effects are relatively small. A hysteresis 
effect of width about 3K, (compared to 7K observed in the thermal expansion 
measurements), however, was indeed observed for measurements of ;(cll - cI2), for 
which the attenuation problem at TN is not that severe, during heating and Cooling 
runs through TN of the Cr + 1.6 at.% Si crystal. 

The temperature TN was taken at the sharp minima in the cI1-T or cL-T curves 
in figures 1, 2 and 3 for Cr + 0.5 at.% Si, Cr + 1.2 at.% Si and Cr + 1.6 at.% 
Si, respectively. For the latter two crystals the sharp minima in ql and cL at 
TN are accompanied by sharp, nearly discontinuous, steplike anomalies in cu and 
;(cll - clz). For Cr + 3 at.% Si, for which cI1 and cL could not be measured below 
TN, TN was taken at the temperature of the nearly discontinuom change in c, of 
figure 4. The 1-c transition was only observed in the Cr + 1.2 at.% Si crystal. For 
this, T, was taken at the midpoint of the transition around 150K on the cll-T curve. 
The temperature Ts, was observed only for Cr + 0.5 at% Si. It is characterized by 
small anomalies in the temperature dependence of all the elastic constants of this 
crystal, and T,, is taken at the start of the sharp rise in f(q1 - cI2) that occurs with 
decreasing temperature. Elastic anomalies were not observed at T,, for polycrystalline 
Cr + 0.5 a t %  Si, nor at TI, for any of the polycrystalline C r S i  alloys studied in 
the previous work 131. The transition temperatures obtained in the elastic constant 
measurements are shown in table 2 and are marked in figures 1, 2, 3 and 4. Figure 
6(a) shows the detailed behaviour of cI1 for the Cr + 0.5 at.% Si crystal around TN. 
An interesting behaviour is the sharp change in slope at 282K Just below and above 
this temperature, ell vanes linearly with temperature. The reason for this behaviour 
is not known, but it may be mentioned that we observed simiiar behaviour in a pure 
Cr crystal for which the measurements are shown in figure 6(b).  

Tsblc 2. Tiansition temperatures T.r, TIC and TN as determined from elastic-constant 
and thennal-expansion measuremenIs on CrSi single crystals. 

Sample Method Kr W) T l C  6) TN (K) 

0.5 at.% Si Ultrasonics 105 iz 5 - - - 217 * 2 - 
0.5 at.% Si Thermal expansion - - 218 * 2 278 + 2 
13 a!-% Si Ultrasonics - - 150 * 10 - 250 * 2 - 

Heating Cooling Heating Cooling Heating cooling 

1.2 at.% Si Thermal expansion - - Between Between 2528 * 0.1 248.6 i: 0.1 
108-163 77-145 

1.6 at% Si Ultrasonics - - - - 252* 2 (249 & 2) 
1.6 at.% Si Thermal expansion - - - - 25294 * 0.05 245.81 f 0.05 
3.0 at.% Si UlVasonics - - - - 182 f 3 - 
3.0 at.% Si Thermal exuansion - - - - 181 f 4 - 

3.2. Thermal expansion 

The thermal expansion 
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Feure 6. Detailed behaviour of ci1 around the Ntel point for (a)  the Cr + 0.5 al.% 
Si crystal and (6) pure Cr. 

measured along [loo], is shown in figures 7(a), (b), (c) and ( d )  for 0.5 at.% Si, 
1.2 at.% Si, 1.6 a t %  Si and 3.0 at.% Si, respectively. Measurements were done 
during both cooling and heating runs. The term (ALIL) , ,  varies continuously, 
with no hysteresis effects, through the Nee1 transition of Cr + 0.5 at.% Si but is 
characterized by a sharp change in slope at (278 -+ 2)K This temperature was taken 
as TN on the AL/L-T curve. On the other hand, the Cr + 1.2 at.% Si and Cr + 
1.6 at.% Si crystals show sharp discontinuous transitions in (ALIL), , ,  at TN that 
are accompanied by hysteresis effects, as shown in the detailed behaviour depicted 
in figures 8(a) and (b). The discontinuity for 1.2 at.% Si occurs within less than 1K 
and that for 1.6 at.% Si in about O.OOSK, showing that these two crystals are of good 
quality and of good homogeneity. For Cr + 1.2 at.% Si the hysteresis width near TN 
is about 4K and for Cr + 1.6 at.% Si about 7 K  For the Cr + 3.0 at.% Si crystal, 
(ALIL), , ,  shows very little hysteresis during heating and cooling measurements, 
except close to 177K, where there is a small discontinuity and small hysteresis of 
width about IK, and close to 184K where there is a similar hysteresis effect. In 
between these two temperatures (ALIL), , ,  vary continuously with very little, if 
any, hysteresis effects (figure S(c)). We conclude from the discussion above that the 
Nee1 transition for the 0.5 at.% Si ctystal is second order and that of Cr + 1.2 at.% 
Si and Cr + 1.6 at.% Si is first order. The results for the 3.0 a t %  Si crystal are not 
such as to give a straightforward answer on the order of the transition. For Cr + 
1.2 at.% Si and Cr + 1.6 at.% Si, TN was taken at the sharp discontinuities on the 
(AL/L),,,T cuwes and for Cr + 3.0 at.% Si it was taken at the small peak at 



Magnetoelasticity of Cr-Si alIoys 1743 

-1 . 
-1 
U 

0 

-2 

- 4  0.5 at. %Si 

0 

-2 

- 4  

50 250 450 
I 

50 250 450 

0 
lIbl 

-I 3 -6 

-8 

50 250 450 

0 

0 
-3 - - 

7: p. - 2  - - 
-I . -1 

-I 
. -6 
a $ - 4  

-9 
-6 

50 150 250 350 50 150 250 350 

T fK1 T I K ]  

Figure I .  Temperature dependence of AL/L = (AL/L),, = (AL/L),v, - 
(AL/L),-si measured along [IW] for ( a )  Cr t 0.5 at.% Si, (a) Cr t 1.2 at.% Si, 
(c) Cr t 1.6 at.% Si and ( d )  Cr t 3.0 aL% Si. Points marked D were measured 
during healing and poinu marked were measured during cooling. Measurements 
were recarded at temperature intervals smaller than O.OSK on cooling and smaller than 
0.W5K on heating. AU the data points fall on smooth curves and only representative 
points are shown in the figures. 

184K, which coincides with TN as obtained from the ultrasonic data. Values of TN 
obtained from the thermal expansion measuremen6 during both heating and cooling 
runs are also tabulated in table 2. 

The 1-c (on heating) and c-I (on cooling) transitions are marked by large 
anomalies, with hysteresis effects, on the (AL/L)"$-T curves of the Cr + 1.2 
a t %  Si crystal. The first of these transitions occurs in a temperature range between 
77-145K and the latter between 108-163K (figure 8(d)). There is a reproducible 
structure in the transition region for each case. This in a sense reflects the structure 
effects observed at T,, during the elasticanstant measurements of this crystal. We 
attribute the structure effects to the possibility of mixed ISDW/CSDW phases that 
may occur during the transition. Mixed ISDW/CSDW states were previously also 
reported [13] for other dilute Cr alloys near Tic The structure effects near T,, 
were not previously observed in polycrystalline Cr-Si alloys. Although the elastic 
constants also display structure effects at the I-C transition, it is worth noting that the 
I-C transition in the elastic constants is not smeared out over such a large temperature 
range (z 3SK) as in the thermal expansion measurements (z 60K). Structure effects 
were absent, within the experimental error, on (AL/L),,-T curves of Cr + 0.5 
at.% Si and Cr + 1.6 at.% Si. No anomalies were observed down to 77K for these 
two crystals, and also for Cr + 3.0 at.% Si, that could be identified with an 1-c 
transition. 
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Pigvm & Detailed temperature behaviour of A L I L  = ( A L / L ) " s  = 
( A L / L ) c , v ,  - ( A L 1 L ) f i - S  measured along [lo01 around the N&l point, for (a) Cr 
+ 1.2 at.% Si, (a) Cr + 1.6 at.% Si and (c) Cr + 3.0 at.% Si. The detailed behaviour 
of A L f L  near qc is shown for the Cr + 1.2 at.% Si aystal in (d ) .  Points marked 
o were recorded at l e m p l u n  intervals smaller than O.WK during healing Nm, and 
those marked were measured at intelvals smaller lhan 0.0SK during cwling runs. AU 
the data poinls fall on Smooth cuwes and onb representative points are shown in the 
figures. 

The thermal expansion of the Cr + 1.6 at.% Si crystal was also measured parallel 
to [llo]. The results of the [lo01 and Ill01 measurements, within the experimental 
error, are the same, showing that this crystal is isotropic in its thermal expansion. 
This is assumed to be also the case for the other C r S i  crystals. The magnetovolume 
is then given by 

Aw = 3(AL/L),,, = 3KAL/L)osvr - (AL/L)a-siI 

and is obtained for 0.5 at.% Si, 1.2 a t %  Si and 1.6 at.% Si from figure 7 by multiplying 
the (ALIL), , , ,  value at each temperature by a factor of three. 

In figure 9 the coefficient of thermal expansion, a, is shown as a function of 
temperature for the Cr + 0.5 at.% Si, Cr + 1.2 at.% Si, Cr + 1.6 and Cr + 3.0 at.% 
Si crystals. 

4. Discussion 

The Nkel temperatures obtained from the ultrasonic and thermal-expansion 
measurements on the C r S i  single crystals compare fairly well with each other. The 
TN of the single crystals in table 2 compares reasonably well with values of 276% 
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Figure 9. Coefficient of thermal expansion 01 = d/dT(AL/L)a-a.  for (a) Cr + 
05 at% Si, (a) Cr t 12 at.% Si, (c) Cr t 1.6 at.% Si and (a) Cr t 3.0 at% Si 
measured along [lOO]. ?he smooth culyes were dram Ihmugh the data points Ihat were 
calculated as previously described 171 h m  the A L I L  measurements. The scallering of 
the data points around the smoolh curves are within 2-3%. The chain c u m  repmnt 
the expected non-magnetic behaviour given by o for Cr t 5 at.% V. In (a) the broken 
pan of the cum refleck the structure observed in A L I L  near ?io The inset in ( d )  
giva the detailed behaviour near 190K. 

240% 242K and 199K obtained for 0.5 a t %  Si, 1.2 at.% Si 1.6 a t %  Si and 3.0 
at.% Si, respectively, from polycrystalline measurements taken during heating runs by 
Alberts and Lourens 131. 

The fist-order CSDw-P transitions observed for the CI + 1.2 at.% Si and Cr + 
1.6 at.% Si crystals were also observed [3,14] in thermal-expansion measurements 
on polycrystalline C r S i  alloys near these concentrations. The measurements on the 
polycrystalline material, however, were only made during heathg runs 13,141, and 
therefore do not reveal the hysteresis or structure effects reported in the present 
study on single crystals. 

The concentration of the Cr + 1.2 at.% Si crystal is close to the triple-point 
concentration and in the region between 0.85 and 1.4 at.% Si where Mizuki and 
co-workers [2] predicted a re-entrant CSDW phase. From the predicted phase diagram 
of these authors, the N6el transition for Cr + 1.2 at.% Si should be a P-ISDW phase 
transition followed by a ISDW-CSDW transition at a temperature 8K lower than TN, 
and then by a CSDW-ISDW transition on further cooling through 164K Large and 
sharply defined discontinuities were observed in the (AL/L),,-T curves of + 
1.2 at.% Si at TN, as well as large anomalies when the c-t transition line around 150K 
was crossed (figure 8). As the (AL/.L)mem results were recorded continuously at 
0.005K intervals, one therefore expects signs of the transition from the ISDW phase 
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into the CSDW re-entrant phase on the measured A L I L  curves of this crystal when 
cooled from above TN. 

Figure S(a) shows the behaviour of (ALIL) , ,  close to TN for the 1.2 at.% 
Si crystal during both heating and cooling run?.. A reproducible structure with 
discontinuities at D, E and F in the figure, is obsewed during the heating run in the 
transition region between 250K and 252.13g indicating that the transition occurs 
in several steps between these two temperatures. A small reproducible minimum 
occurs between D and E on the heating run. This minimum, as well as the small 
discontinuity at D, were absent during repeated cooling runs, for which the transition 
is completed Within 0.15K with sharp discontinuities at A, B and C (figure 8(a)). We 
reason that the structure effects obsened during the heating cycle, but not during the 
cooling cycle, are probably not due to sample inhomogeneities. Such inhomogeneities 
will result in the transformation of parts of the crystal at different temperatures than 
other parts thereof, resulting in a smearing out of the transition and structure effecis 
during both heating and cooling runs. A more likely explanation of these effecis 
during the heating cycle is that they originate from mixed ISDW/CSDW states that 
probably exist in a small region of the magnetic phase diagram between the ISDW 
phase that occurs just below TN and the reentrant CSDW phase. It is thus suggested 
that the sequence of magnetic phases occuring during heating the Cr + 1.2 at.% 
Si crystal from OK to high temperatures is: ISDW -+ mixed ISDW/CSDW -+ CSDW 
+ mixed ISDW/CSDW -+ ISDW + P. This sequence accounts for structure effects on 
heating near TN but not for its absence during cooling. Its absence during cooling 
is presumably due to supercooling directly into the re-entrant CSDW phase, thereby 
bypassing the very small regions of LSDW and mixed ISDW/CSDW states between TN 
and the re-entrant phase, when the sample is slowly cooled through TN. On the 
other hand, the first-order discontinuous transition observed in this crystal on both 
heating and cooling is characteristic of first-order CSDW-P transitions observed at TN 
in C r S i  13,141 and Cr-Fe [IS] alloys and not of IsDW-P transitions, which are usually 
continuous in Cr alloys [I]. The measurements on the Cr + 1.2 at.% Si crystal 
therefore indicate the possibility of a reentrant CSDW phase, but do not settle this 
point fully. Careful neutron dfiaction measurements on this crystal close to TN are 
now needed to clarify this point. 

As shown in figure S(b), no structure effects were observed in the discontinuous 
transition, which is completed within O . l K ,  for the Cr + 1.6 at.% Si crystal, indicating 
that it definitely lies above the triple point on the magnetic phase diagram. 

Recently Galkin and co-workers [16] calculated the discontinuity (ALIL), ,  in 
( A L I L )  at TN for dilute C r S i  alloys by allowing for the effects of resonant impurity 
scattering and magnetostriction in the SDW model. They obtained (their figure 5 )  
( A L I L ) ,  =. 1.36 x respectively for Cr + 1.2 at.% Si and Cr 
+ 1.6 at.% SI. The present measurements on the single crystals give for Cr + 1.2 
at.% Si 

R A Anderson et al 

and 1.54 x 

3.97 x on heating 
4.24 x on cooling (ALIL)," = { 

and for Cr + 1.6 at.% Si 

3.11 x on heating 
4.04 x on cooling. 
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The measured values are thus nearly three times larger than the theoretical 
results. We do not know the reason for this; however, note that polycrystaUine 
measurements [U] give ( A L / L ) 2 k  zz 3.5 x lov4 for an alloy containing 1.2 to 1.3 
at.% Si, (ALIL), ,  c 4.5 x [14] for alloys containing 1.2 and 1.3 
at.% Si, respectively, and (ALIL), ,  = 3.7 x [3] for two polycIystalline alloys 
containing 1.42 and 1.79 at.% Si. These polycrystalline results agree rather well with 
the single-clystal measurements reported here. 

The detailed behaviour of (ALIL) , ,  near TN for Cr + 3.0 a t %  Si is shown 
in figure S(c). The. transition is smeared out between 176.5K and 184.OK showing 
structure effects between 176.5 K and 177.5K as well as between 183.3 K and 184.3K. 
These structure effects are present during both heating and cooling runs and are 
attributed to small inhomogeneities in this crystal. TN for the Cr + 3.0 at.% Si 
crystal from the A L / L  measurements was taken as midway between the above 
temperatures. 

In analyzing the magnetic contribution to the bulk modulus and the 
magnetovolume we used a thermodynamic model that was previously successfully 
used for several Cr alloys [l, 17-19]. 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 magnetic free energy dominate shear strain effects. The Iast assumption 
is nearly fully satisfied for the TISDW state of the Cr + 0.5 at.% Si crystal, and to a 
good approximation also for the CSDW states of the Cr + 1.6 at.% Si and Cr -t 1.2 
at.% Si crystals. As the CSDW state of the Cr + 1.6 a t %  Si crystal exists from 252K 
down to 77K or below, and that of the Cr + 1.2 at.% Si crystal only from 250K 
down to about 150K, we analyzed the results for the ISDW phase of Cr + 0.5 at.% 
Si and for the CSDW phase of only Cr + 1.6 at.% Si. 

Below TN, but not in the limit T -+ TN, the magnetic free energy is written [17] 
as 

and 3.0~ 

A F ( L w )  = 4 ( w ) f ( t ( w ) )  

where +(w) depends on the volume strain w. Here f ( t ( w ) )  is taken [17] as 
f ( t (w))  = (1 - t2)*,  where the reduced temperature is given by t = T/T, (w) ,  
with T,(w) a critical temperature parameter. It then follows [17] that 

AW = a,, + a l t 2  + a2t4 

A B  = bo+ b, t2+ bzt4. 
(1) 

(2) 

The Constants (a", u l r  a 2 )  and (bo, b,, b,) contain 4, its first and second derkatives 
(4' and 4") to strain as well as d In T,/dw. Obtaining (a,, a, ,  a2) and (bo, b,, b2) 
from the measurements then allow for a determination of d In +/dw and d In T,/dw. 
In Steinemann's [1,18,20] handling of the thermodynamic model, T,, is given by 
TN, a situation that was found to be a good approximation in Cr-Fe alloys up to 
temperatures close to TN [lq. In analyzing the C r S i  data we will also use this 
approximation. 

Figures lO(a), (b), (c) and ( d )  show the fit of equations (1) and (2) to the data 
for the ISDW phase of the Cr + 0.5 at.% Si crystal and the c s ~ w  phase of the Cr 
+ 1.6 at.% Si crystal. The fitting of equations (1) and (2) to the data is good up to 
temperatures fairly close to TN, even for the Cr + 1.6 at.% Si crystal for which the 
CSDW-P transition at TN is of first order. Values of (e,, a l ,  a2)  and (bo, b,, b2) are 
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T(K) T ( K )  
Figure 10. ( n )  and (b).  The temperalure dependence of the magnetic conhibution 
to the bulk modulus, A B  = B(non-magnetic) - B(Cr- Si), for (a) Cr + 05 aL% 
Si and ( b )  (3r + 1.6 at.% Si. The bmkm w c s  are the k t  fits of the equation 
AB = Bo + B I ~  + BzT'. (e) and (d) .  The temperature dependence of the 
magnetovolume, Aw, for (e) Cr + 05 at.% Si and ( d )  Cr + 1.6 al.% Si. The broken 
CUNes, not evelywhere equally visible since they follow the date pints clasely, are lhe 
best fits of the equation Aw = Ao + A l p  + A z F .  

tabulated in table 3 together with the values of d In +/dw and d In TN/dw, calculated 
using the same method as previously used [17] for Cr-Fe alloys. 

From table 3 it follows that uJuu + uz/au = -0.66 and -0.53, respectively, for 
Cr + 0.5 at.% Si and Cr + 1.6 at.% Si According to theory one should have a l / u z  
+ a2/au = -1. The measured values of -0.66 and -0.53 are close to the values 
obtained for Cr-Fe 1171 and are in reasonable agreement with the value -1 if the 
approximations of the thermodynamic model are kept in mind. 

The values of d In+/dw calculated separately from (uU, u,,ua) or (bu, b,,b,)  
differ by a factor of up to three (table 3) as was also found [17] for Cr-Fe alloys. The 
discrepency may be attributed to the approximations in the thermodynamic model. 
The values of d In Tu/dw d In TN/dw are to be compared with direct measurements 
of Jayaraman and co-workers [21] on Cr-Si alloys. They obtained d In TN/dw FS 31- 
44 for Cr-Si alloys showing ISDW-P transitions and d InTN/dw 123-132 for alloys 
showing CSDW-P transitions. The value d InTN/dw = 45.5 for Cr + 0.5 at.% Si of 
table 3 compares well with the directly measured result, but that of Cr + 1.6 at.% Si 
is lower by a factor between two and three. 

Fawcett and Alberts [18] considered + in the equation for A F ( t , w )  as a constant 
for the temperature regions T + TN from above or below. This leads to the following 
Grirneisen parameters for these temperature regions: 
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Figum 11. Graphs of the magnetic contributions to the bulk modulus, A B ( t ) ,  as 
a function of the magnetic contribution U, the volume thermal apansion mefficient, 
A,9(t): (a) Cr + 05 at.% Si and (a) Cr + 16 sL% Si. For clarity, measurements are 
only shown in the linear regions of the plots. The c u m  are least-square 6% to the da!a 
and the values of t at the encircled poinu are shown in the Bgura. 

rAF = -d InTN/dw = -(l/T B lim(AB/Ap) 1 < 1 )* - I  
(3) 

r p  = -d InT,,/dw = - ( ~ / T N B ) I ~ ( A B / A ~ )  t > 1. 
1-1 

The term T,, is a spin fluctuation temperature, Ap = 3Aa is the magnetic 
contribution to the coefficient of volume thermal expansion, AF refers to the 
antiferromagnetic (1 < 1) and P to the paramagnetic (1 > 1) states, respectively. 
The requirement that rAF and rp be determined only in the limit T + TN is not 
stringent [l8]. Plots of AB(1) against Ap(t), both above and below TN, were found 
to be linear in a relatively wide temperature range near TN for Cr, and 0-MO and 
Cr-AI alloys [18]. The terms rM and rp are then determined from these linear 
parts. Figures Il(a) and (b) show results for Cr + 0.5 at.% Si and Cr + 1.6 at.% Si. 
The data fall on linear curves over a wide temperature range as shown in the figures, 
giving rAp = -56 and rp = -133 for 0.5 at.% Si, and rAF = -100 and rp = -199 
for 1.6 at.% Si. For both alloys lrPl > IIIAFI, showing that the short-range magnetic 
order and spin fluctuations above TN are more volume dependent than the SDW 
below TN. It is interesting to note that the linear relationship between A.B(t) and 
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A p ( t )  holds for both Cr + 0.5 at.% Si, in which the transition at TN is continuous, 
and for Cr + 1.6 at.% Si in which this transition is discontinuous. 

5. Conclusions 

The magnetoelastic properties of dilute Cr-Si single crystals were studied for the 
first time in alloys containing 0.5, 1.2, 1.6 and 3.0 at.% Si For 0.5 at.% Si the 
transition at the NBel point is continuous, for 1.2 and 1.6 at.% Si it is first order 
with hysteresis, while the order of the transition in the 3.0 at.% crystal could not be 
determined unambiguously. Latent heat studies by Benediktson and co-workers [22] 
on C r S i  alloys containing up to 1.85 at.% Si, suggest first-order Nkel transitions in 
alloys containing 0.5, 1.2 and 1.6 at.% Si. This is consistent with the discontinuous 
transitions observed at TN in the thermal expansion of the latter two crystals, but 
not with the observations of the first crystal, unless the transition is only weakly first 
order in it, as suggested by the very small latent heat [22] for ths  concentration. The 
1.2 at.% Si crystal also show large hysteretic anomalies at the 1-C and C-I transitions 
with the possibility of mixed ISDW/CSDW states near the I-C transition line at L50K 
in the magnetic phase diagram of CrSi alloys. It is speculated that the structure 
effects observed near TN in the (ALIA),, curves of the Cr + 1.2 at.% Si crystal, 
and also in its elastic constants, are signs of the re-entrant CSDW phase predicted by 
Mizuki and co-workers [2]. The suggested sequence of phase changes in this crystal 
on heating from O K ,  is from ISDW to mixed ISDW/CSDW to CSDW to mixed CSDW/lSDW 
back to isDW and then to P. Careful neutron diffraction experiments are needed on 
this crystal to verify this sequence. AU elastic constants show anomalies at the spin- 
flip and I-C transition temperatures, something that was not previously observed in 
measurements on polycrystalline C r S i  alloys. The magnetoelastic properties of the 
Cr + 0.5 at.% Si and Cr + 1.6 at.% Si crystals are described reasonably well by the 
thermodynamic model, giving acceptable values of d In $/dw and d In TN/dw. 
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