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Ahica 
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Abstract. Measurements are reponed on tbe temperature dependence of the elastic mnsmts 
of dilute Cr-Ru and Cr-Re alloy single crystals, wnta$ing respectively 0.3 at% Ru, 0.5 at.% 
Ru. 0.3 al.% Re and 0.5 at.% Re. Neutron diffraction experiments were also performed on 
lhe two Cr-Ru cryslals. Well defined anomalies were observed in all the elastic constants as 
well as in the integrated neutron intensities at the magnetic phase vansitions of the alloys. 
The commensurate (C) spin density wave (SDW) to paramagnetic (P) and incommensurate ( I )  
SDW 10 P vansitions are spond-order phase bansitions, while fhe I S D W ~ D W  and CSDW-tSDW 
vansitions are of fin1 order. A thermodynamic model describes the tempenlure dependence of 
the magnetic mntributions (AB) to the bulk modulus (8 )  reasonably well, but fails to give Lhe 
observed relationship between A 8  and tbe magnetization 

1. Introduction 

The binary systems of Cr alloys with group 7 and group 8 non-magnetic transition metal 
elements, Re and Ru respectively, have very similar magnetic phase diagrams [I] .  They 
are both itinerant electron spin density wave (SDW) antiferromagnetic systems in which the 
magnetic moment, @(T) ,  is sinusoidally modulated along a cubic axis with a modulation 
vector Q given by Q = (%/a)( l  - a), where a is the lattice parameter and 6 is known 
as the incommensurability factor. Three magnetic phases appear on the magnetic phase 
diagrams of Cr-Re and Cr-Ru alloys: an incommensurate (I) SDW phase with 8 # 0, a 
commensurate (c) SDW phase with 8 = 0 and the paramagnetic (P) phase 111. For both 
systems a hiple point exists below 0.5 at.% solute where these three phases coexist and in 
both the SDW phase persists up to high (- 20at.%) Re or Ru concentrations [l]. There is a 
peak in the C-P phase boundary line for both near 575 K at concentrations of about 7a t% 
Re or 3 at.% Ru, respectively. 

The magnetic behaviour of Cr alloys in the vicinity of the triple point is of particular 
interest, as alloys near this point exhibit the largest number of magnetic phases that can be 
present in a single Cr alloy. Except for some single-crystal neutron diffraction studies on Cr- 
Re [24], nearly all previous studies on magnetic effects in dilute Cr-Re and Cr-Ru alloys 
were done on polycrystalline material. These studies are thus of limited value in gaining 
an insight into the magnetic effects of the two alloy systems. This is paaicularly so for 
magnetoelastic effects for which polycrystalline measurements give incomplete information 
concerning the effects of the SDW on the elastic properties. Recently, we reported an initial 
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study of the magnetoelastic behaviour of a Cr + 0.3 a t% Ru single crystal [5] and observed 
anomalies in all single-crystal elastic constants at the I< transition temperature 7ic. This 
alloy shows strong longitudinal magnetoelastic effects and is unique in also showing strong 
shear effects in the CSDW phase [I]. A microscopic theory is presently not available to 
explain this unique behaviour and single-crystal elastic constant measurements on other 
Cr-Ru alloys, as well as on Cr-Re alloys with the same type of magnetic phase diagram, 
should give valuable information needed in developing such a theory. 

We report here a detailed study of the temperature dependence of the elastic constants 
of Cr-Re and Cr-Ru alloy single crystals with concentrations in the vicinity of the triple 
point. Neutron diffraction measurements were also made on the Cr-Ru crystals. The elastic 
neutron scattering experiments enabled an experimental determination of the relationships 
between the magnetic contributions to the bulk modulus and the SDW magnetic moment 
as well as between the magnetovolume and this moment Relationships between these 
physical quantities are expected [ I ]  from simple thermodynamic models and the neutmn 
measurements serve to check the predicted equations. The neutron studies furthermore give 
information on the order of the transitions at f ic and at the Nee1 point T,. In earlier work 
the order of the transition and a check for hysteresis effects at the transitions were not 
investigated because of inhomogeneities in the Cr-Re crystal used [3] or due to the fact 
that a powder was used in the Cr-Ru measurements [6]. As far as we are aware the present 
study is the first report on single-crystal neutron diffraction of dilute Cr-Ru alloys. 

2. Experimental techniques 

Single crystals of Cr-Re and Cr-Ru alloys of nominal concentrations 0.3 at% Re, OSat.% 
Re, 0.3at.% Ru and 0.5at.% Ru were grown by a floating-zone technique using RF 
heating. The starting materials were 99.996% Iochrome (trade name of Materials Research 
Corporation, Orangeburg, USA), 99.9% Re and 99.9% Ru. Electron microprobe analyses 
at different positions on the crystals show that they are fairly homogeneous with actual 
concentrations of (0.25 zk 0.03)at.% Re, (0.47 rt O.O4)at.% Re, (0.28 zI= 0.02) at.% Ru and 
(0.43 k O.O3)at.% Ru respectively. The crystals were prepared by spark planing parallel 
( I  10) and in some cases also parallel (100) faces, the latter for intemal consistency checks 
of the elastic constants. The distance between both sets of parallel faces was approximately 
5-6mm while the surface areas were of the order of 20mm2. 

The experimental techniques for velocity of sound measurements are described 
elsewhere [7]. Ultrasonic (IOMHz) pulse transit times were measured while slowly heating 
the sample from low to high temperatures at a rate of about 0.6K per minute. Hysteresis 
effects were not checked during the ultrasonic measurements on the Cr-Ru crystals, it was 
instead studied during the neutron measurements on these crystals. In the case of the Cr- 
Re crystals, ultrasonic measurements were, however, also performed for the Cr + 0.5 at.% 
Re crystal during the cooling cycle in order to check for hysteresis effects at Zc. The 
experimental error in the absolute values of sound velocity amounts to 0.555, while changes 
of 1 in 103 with temperature could be detected easily. All measurements were performed 
on the as-grown crystals. In calculating the elastic constants f” the measured wave 
velocities, densities determined from the lattice parameters [8,9] of the alloys were used. 
The wave velocity measurements were done in the temperature range 4-500K. 

Neutron diffraction experiments were only performed on the two Cr-Ru crystals due 
to limited neutron beam time. Since Cr-Ru and Cr-Re systems have similar magnetic 
phase diagrams, this limitation should not invalidate the general conclusions of this study. 
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Elastic scattering experiments were performed using neutrons of wavelength h = 1.07 A 
and with a A/2 contamination of less that 0.3% as selected with a Ge(ll1) monochromator 
from the thermal beam of the nuclear reactor at Pelindaba, Pretoria. Magnetization values 
characterizing the SDW were obtained from integrated intensity scans through magnetic 
peaks as described in subsection 3.2.1. Employing the low-temperature equipment described 
previously [lo], temperatures in the range 12-300K were attainable and regulated stable 
to within i0.02K during individual scans. A fumace previously used by Greenwood 
and du Plessis [ 1 I ]  for neutron diffraction measurements, was employed in the temperature 
range 300-500K rendering temperature stability of i.0.04K. Measurements were performed 
during both heating and cooling runs. Neutron measurements were made against a 
preselected monitor count sampled by a monitor counter placed in the incoming neutron 
beam to account for changes in reactor power. 

3. Results 

3.1. Elastic constants 

The temperature dependence of cI1. cur f(cll - c12) and CL = ;(cl, + c12 + Zce) for the 
Cr-Ru and Cr-Re crystals are shown in figures 1-4. 
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Figure 1. The temperature dependences of the elastic consfants ofCr+0.3aL% Ru are depicted 
bypoinb: (a)c~~.(b)c~.(c)%= ~ ( c ~ ~ + c ; ~ + Z r ~ )  and(@ f(c11 - c d .  Onlyeveqeighth 
measured point is plotted for clarity. The broken curves represent the non-magnetic behaviour 
obtained from the temperature dependence of the corresponding elastic mnstant of a Cr t 5 aL% 
v crysral. 

Three anomalies were observed in the temperature dependence of the elastic constants 
of Cr + 0.3 at.% Ru and Cr + 0.5 at.% Re (figures 1 and 4). According to the magnetic 
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Figure 2. Temperamre dependence of the elastic eonsms of Cr+O.5 a!-% Ru with only every 
founh experimental p i n 1  plotted for clarity. Values depicled for ci I in (a) were calculaled from 
smooth c u m s  b u g h  lhe data in (b). (c)  and (4. since due to very large attenuation for the 
CII mode, it could nor be measured directly as a function of lemprature for this crystal. m e  
broken CUNS give lhe corresponding elastic conslanls of a Cr+ 5 a t S  V crystal. 

phase diagrams [ I ]  of these alloy systems and the neutron results of subsection 3.2, the low- 
temperature anomaly occurs at the spin-flip transition temperature T,f where the transverse 
(T) ISDW phase transforms to a longitudinal (L) ISDW phase. The high-temperature anomaly 
occurs at TN and the third one at %c where Tsf c TIC .e TN. 

The determination of the transition temperatures for dilute Cr alloys from the anomalies 
in the magnetoelastic measurements can be problematic. There is presently no theoretical 
work that predicts the character of the anomalies at Td, fic and TN. Usually [I] electrical 
resistivity ( p )  against temperature curves of dilute Cr alloys are used to obtain TN, which is 
defined at the temperature of the minimum in the dpldT-T curves. In the case of Cr-Co 
alloys, for instance, it  was found 1121 that the temperature of the minimum on the 5-T 
curves, where 5 is the bulk modulus, agree with the temperature at the minimum of dp/dT. 
For Cr-AI alloys for which the p anomaly becomes very weak between 2 and 4at.% AI, 
Baran and co-workers [lo], on the other hand, found that the temperature at the inflection 
point to the right of the deep minimum on the 5-T curve, corresponds better with TN, 
as determined from neutron diffraction measurements. Similarly to the method used in the 
initial study [S] on the Cr+0.3at.% Ru crystal, the CM-T curves were used to obtain T,f and 
GC for the Cr-Ru and Cr-Re crystals. On these curves T s ~  was taken at the low-temperature 
minima for Cr -t 0.3 at.% Ru and Cr + 0.3 at.% Re and at the low-temperature inflection 
point for Cr + 0.5 at.% Re, for which there is no clear minimum in the c~ anomaly at low 
temperatures. The Cr+0.5 at.% Ru crystal does not show a cu anomaly at low temperatures 
that could be identified with T,. This crystal shows a very broad minimum in +(cl! - c ~ z )  
at low temperatures without any evidence from the neutron measurements (subsection 3.2) 
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Figure 3. Temperature dependences o f  the elastic constants of  Cr+ 0.3aL% Re with only every 
fourth experjmental point plotted for clarity. c11 in (a) was calculated from smwth curves 
through the data in (6). (c) Bnd (4. The nonmagnetic behaviour deduced f" the temperature 
dependences of the elastic constants ofa Cr+ Sat.% V crystal are indicated by broken curves. 

of a spin-flip transition. For all crystals the longitudinal elastic constants show only weak 
anomalies at &r or no anomaly at all. 8~ was taken on the CU-T curves at the midpoint 
of the near discontinuity that occurs between T,r and T,T for Cr + 0.3at% Ru and at the 
inflection point of the sharp rise occumng between these two temperatures for Cr+0.5 at.% 
Ru and Cr + 0.5 at.% Re. Well defined anomalies are also observed at ?ic for CL and CII 
of these crystals (figures 1, 2 and 4). However, no anomaly was observed in Cr + 0.3 at.% 
Re that could be identified with an I-C transition. 

For the Cr + 0.3at.% Ru crystal the peak in the CU-T curve at 402K corresponds to 
the inflection point to the right of the sharp minimum in the CL-T curve and also to the 
small peak at 400K in the i(c11 - c+T curve. This temperature was taken [5] as TN. 
T,T was similarly determined at the inflection point to the right of the sharp minimum in 
the CL-T curve8 for the Cr + 0.5 at.% Ru and Cr + 0.5 at.% Re crystals. In the case of 
Cr+ 0.3at.% Re the high-temperature inflection point to the right of the sharp minimum 
is. however, not well defined in the results for CL and TN was taken at the small maximum 
near 330K on the $(cl1 - c+T curve. The transition temperatures as defined above are 
indicated on figures 1-4 and in table 1. Also indicated in table 1 are the temperatures, T , ,  
of the sharp minimum near TN in the CL-T curves. The transition temperatures obtained 
from the neutron diffraction measurement in subsection 3.2 are also shown in table 1. 

Measurements in figures 1-4 were obtained for heating mns only. Hysteresis effects 
for the Cr-Ru crystals were checked during the neutron diffraction measurements of 
subsection 3.2. In the case of the Cr + 0.5 at.% Re crystal, however, hysteresis effects 
near TIC were studied by measuring CL during both heating and cooling runs and the results 
are depicted in figure 5. A hysteresis effect of width about 7 K around qc = BOK was 
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Figure 4. Temperature dependence of the elastic constants of Crf O.5at.B Re with only every 
founh expe"mental point plotred for clarity. CII in (a) was calculated from smoolh c w e s  
through the data in (b), (c) and (d). The bmken curves give the corresponding elastic wnsmts 
of a Cr f 5ar% V crystal. 

observed for this crystal. An interesting feature in figure 5 is the sharp, nearly steplike, 
change in slope that occurs at approximately 252K on heating and a! 245K on cooling. 
The reason for this behaviour is presently unknown. 

The broken curves in figure 1 for Cr + 0.3 at% Ru and in figure 3 for Cr + 0.3 at.% 
Re represent the nonmagnetic behaviour of the crystals. The temperature dependence 
of the non-magnetic behaviour is taken to be represented by that of the corresponding 
elastic constant of a Cr + 5 at% V single crystal [ 131 which remains paramagnetic at all 
temperatures. The corresponding curves of Cr + 5 a t% V in figures 1 and 3 were slightly 
translated up or down to coincide with the Cr-Ru and Cr-Re measurements at the highest 
temperatures. This procedure gives non-magnetic behaviour that corresponds well with 
the observed temperature dependence above TN (compare for instance the broken curves 
and the actual measurements of cM and $(cl, - c~z), which show very small magnetic 
anomalies, for Cr + 0.3 at.% Re in figure 3). This correspondence was also found in Cr-Si 
single crystals for which TN lies well below room temperature, so that the dependence of 
the corresponding elastic constants of Cr + 5 at% V and Cr-Si, could be compared over 
a larger temperature interval above TN [14]. These latter results in a sense justify the 
above procedure to obtain the non-magnetic behaviour of the Cr-Ru and Cr-Re alloys. 
The magnetic contribution to the appropriate elastic constant in figures 1 and 3 at each 
temperature is given by the difference between the broken curve and the measured value 
at that temperature. The above procedure was not canied out for the Cr + 0.5 at.% Ru and 
Cr+ 0.5 at.% Re crystals, as measurements could not be done to high enough temperatures 
above TN. due to transducer bond failure, for a reliable back extrapolation. For these two 
crystals the temperature dependence of the actual measurements [ 131 on the Cr + 0.5 at.% 
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V crystal are however shown in figures 2 and 4 for comparison purposes. The temperature 
dependence of the magnetic contributions A q l ,  Acu and A;(cll - cl2) for Cr + 0.3at.% 
Ru and Cr + 0.3 at.% Re are shown in figures 6 and 7. 
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3.2. Neufron diffraction 

3.2.1. Cr .t 03ar.% Ru crystal. Figures 8(a), (b) and (c) show the neutron diffraction 
patterns for the Cr f 0.3 at.% Ru crystal at temperatures of 262.3 K, 152.3 K and 44.3 K, 
representative of the three magnetic phases of the crystal. The results were obtained using w 
scans through the (010) reciprocal lattice point while the [OOI] direction of the crystal was 
perpendicular to the plane of the diffractometer. The pattern at 262.3 K consists of a single 
peak at (010) and is characteristic of the CSDW phase. At 152.3K two peaks are observed 
left and right of the (010) position, at the (+6, 1, 0) and (-8,  1.0) reciprocal lattice points 
respectively, while the central peak now has a structure which is due to the superposition 
of different magnetic satellites, presumably (0, I &8, 0) and (0, I ,  f8) satellites. This is 
characteristic of the TlSDW phase [15]. The pattern at 44.3K is characteristic [15] of the 
LlSDW phase and has three diffraction peaks, two outermost satellites at (fa, 1, 0) and a 
central peak consisting of the superposition of (0, 1, k8) satellites. 

Figure 9(a) shows at each temperature the sum of the integrated neuhun intensities 
of the (i8, 1, 0) satellites (see figures 8(b) and (c)), obtained during both cooling and 
heating runs from 12-300K. The transition temperatures Gf = 75 f 9K, 8~ (on heating) 
= 255 * 4K and TCI (on cooling) = 240 k 4K are shown in the figure and are given in 
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Figure 8. Neutron diffraction patterns 
oblained for the Crt 0.3at% Ru crystal 
during <U scans through the (010) recip- 
rocal lattice point. (a)  TIC < 7 < TN. 
( h )  T,i 4 T < Tic and (c) T c T+ The 
central peak intensity near (010) in fig- 
ure (b) is a superposition of satellites as 
discussed in the lext 

Figure 9. (U)  Temperature dependence of the sum of the integrated 
neutron intensities of the (i& 1.0) satellires for Cr t 0.3al.4. Ru of 
figures 8(b) and (E): open circles, coaling run: full circles, healing run. 
(b) Temperature dependence of the integrated intensities of the (010) 
peak for Cr+O.3at% Ruin figure 8(u) from 260K to 500K and that 
of the central peaks of figures 8(b) and (c)  below 260K. Cooling run: 
open circles; heating run: full circles. 

table I .  They were taken at the midpoints (& and Tc~) or inflection point (Tst) of the sharp 
rises that occur near these temperatures. The IsDW-CSDW phase transition in figure 9(a) near 
250K is nearly discontinuous and shows hysteresis of width 15 K. This is characteristic of 
a first-order transition which was recently also confirmed in high-pressure ultrasonic studies 
[16,17] on this crystal. The transition at T, in figure 9(a), on the other hand, seems more 
continuous with smaller hysteresis. The possibility that inhomogeneities are responsible for 
the continuous transition at T,, is ruled out by the fact that the ISDW-CSDW transition in 
figure 9(a) is fairly sharp, thereby indicating a crysial of rather good homogeneity. 



Studies of Cr-Re and Cr-Ru alloys 5363 

The integrated intensities of the (010) peak (see figure 8(a)) in the temperature range 
26&500K and that of the central peaks (see figures 8(b) and (c)) below 260K. are shown 
as a function of temperature for Cr + 0.3 at.% Ru in figure 9(b). An interesting feature 
in this figure is the fact that, although the hysteresis effects are absent in the CSDW phase 
above fic = 255 *4K, it persists in the lSDW phase down to about T = 100K, well below 
T& = 240 f 4 K. This persistence of hysteresis effects below Tcl in the Cr + 0.3 a t% Ru 
crystal is also found in the behaviour of the elastic constant of Cr + 0.5at.% Re below 
f i ~  in figure 5. 

The transition at TN in figure 9(b) is continuous without any hysteresis to within the 
experimental accuracy. 

3.2.2. Cr + 0.5ar.% Ru. Neutron diffraction pattems for the Cr + 0.5at.% Ru crystal 
are shown in figure 10(a) and (b) at 210.OK and 51.2K, representative of the following 
two magnetic phases. For the higher-temperature phase (figure IO@)) a single peak is 
observed at the reciprocal lattice point (OlO), as is expected for the CSDW phase. For the 
lower-temperature phase (figure IO@)) two weak satellites, characteristic of the ISDW phase, 
develop at the (f8, I ,  0) positions. It is  further observed in figure 1qb) that the intensity 
of the central peak diminishes only moderately, without any sign of the magnetic satellites 
characteristic of the TISDW state that should be superimposed on it (see also figure 8(b)). 
Evidence for the presence of a n s D W  phase in this crystal at low temperatures, is indirectly 
obtained from the temperature behaviour of the elastic constants thereof. The longitudinal 
constant CL. for instance, of both Cr + 0.3 at.% Ru and Cr + 0.5 at% Ru behaves very 
similarly at low temperatures, as shown in figures 1 and 4. Both crystals show a jump. at 
about 255 K for Cr+0.3 at.% Ru and at about 143 K for Cr+0.5 at.% Ru, when cooled from 
room temperature down to 4K. As the neutron measurements on the 0.3 at.% Ru crystal 
show that this jump is associated with a CSDW-TISDW phase transition on cooling, we also 
assume this to be the case for the 0.5 at.% Ru crystal. 

Figure I l(a) shows at each temperature the sum of the integrated neutron intensities of 
the (16, 1, 0) satellites (see figure IO@)), obtained for the Cr + 0.5 at.% Ru crystal during 
both cooling and heating runs from 12-300K. The temperature dependence of the integrated 
neutron intensity of the central peak at (010) of figure lo@), is shown in figure l l(b) in the 
temperature range 12-500K. Large hysteresis effects of width about 55K are observed for 
this crystal with a ‘jump-like’ behaviour at f i ~  and Ta in figure 1 l(u) and (6). making the 
ISDWSSDW transition first order as for Cr + 0.3 at.% Ru. The transition from the CSDW to 
ISDW phase for Cr + 0.5 at.% Ru seems to be incomplete as evidenced by only a moderate 
drop in intensity below CC in figure 11 (b). Mixed ISDW~CSDW states possibly exist in the 
low-temperature regime as were previously reponed for other dilute Cr alloys 1181. 

The CSDW-P transition at TN is continuous without hysteresis effects, as for Cr+0.3at% 
Ru. No TISDW-LISDW transition was observed in the CrfO.5 at.% Ru crystal down to 12K. 
Transition temperatures fit, TU and T, were defined as for the Cr + 0.3at.% Ru crystal 
and are also shown in table 1. 

3.3. Critical behaviour 

The critical behaviour of the two Cr-Ru crystals was analysed in a manner similar to that 
previously used [IO] in a study on Cr-AI crystals. From subsection 3.2, the magnetic 
transition at TN is continuous for both the Cr + 0.3 at.% Ru and Cr t 0.5 at.% Ru crystals, 
being a CSDW-P transition in both cases. Neglecting extinction effects as previously 
IlOl, and taking the intensity, Im. of the magnetic Bragg reflections to be proportional 
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Figure 11. (a) Temperature dependence of the sum of the 
integrated neutron intensities of the (&a, 1.0) satellites of 
figure IWb) for Cr + 0.5aL9o Ru: o p n  squares, cooling: full 
squares. heating. (b) Temperature dependence of the intepled 
intensities of the (010) peak for Cr t 0.5at.% Ru as obtained 
from figures IO(4) and 10(b): open squares. caoling: full squares, 
heating. 

to mz = M 2 ( T ) / M 2 ( 0 ) ,  where M ( T )  is the spontaneous sublattice magnetization of the 
CSDW phase, the integrated neutron intensity, I ,  near TN is written as [IO] 
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In this equation r* = &(T - TNj/TN, where the + and - signs correspond to T > TN and 
8 T < TN respectively, the critical exponent B describes the sublattice magnetization m - t- 

and, in accordance with the scaling hypothesis, y is taken the same for T TN and T < TN 
[19]. C+ and C- are related [20] through 

The parameters B ,  TN and y were determined from the above equations by a least-squares 
fit analysis as previously described for Cr-AI alloys [IO]. It was found that the effect of 
critical scattering in ( 1  j is small. Including or excluding critical scattering ( y  = 1.4) in the 
analysis for Cr + 0.5 at& Ru gives respectively ,3 = 0.40 and ,9 = 0.39. In the previous 
study [IO] on Cr-AI alloys it  was similarly found that B was not significantly affected by 
critical scattering. For Cr -I- 0.3 at.% Ru the analysis was done by including only the term 
I ,  in ( I )  to obtain B =0.29. 

The values ,3 = 0.40 for Cr + 0.5 at% Ru and ,5 = 0.29 for Cr + 0.3 at.% Ru disagree 
with the mean-field-like value of ,3 = 0.5 found for Cr-AI alloys [IO]. We do not know the 
reason for this difference in behaviour of the Cr-Ru and Cr-AI systems, but we mention that 
the three-dimensional Heisenberg model [21] gives ,3 = 0.37 while the three-dimensional 
Ising model 1191 gives 6 = 0.3125. 

4. Discussion 

In table I ,  values of Tsf, T,c and TN obtained from both ultrasonic and neutron diffraction 
measurements during heating runs on Cr + 0.3 at.% Ru and Cr + 0.5 at& Ru, compare 
reasonably well within the experimental error. The procedure used in subsection 3.1 to 
obtain these temperatures from the ultrasonic measurements thus seems to be acceptable. In 
previous studies 122,231 on polycrystalline Cr+0.3at.% Ru, Cr+0.5 at% Ru, Cr+0.3at% 
Re and Cr+OSat.% Re, TN was taken at the high-temperature minimum in the B-T curves. 
The present study shows that the infiection point to the right of the minimum on these curves, 
agrees better with neutron results. In the polycrystalline measurements [22,23] anomalies 
were observed in B and in the shear constant, C, at T,c (on heating) for Cr + 0.3 at.% Ru 
and Cr + 0.5 at.% Ru but not for Cr + 0.3 at.% Re and Cr + 0.5 at.% Re, while Tsf was 
not observed in any of these polycrystals. The present measurements on the single crystals, 
however, show well defined anomalies in the temperature dependence of the elastic constants 
at all three transition temperatures. fic obtained [22] during heating runs from the low- 
temperature minimum in dB/dT for polycrystalline Cr + 0.3 at.% Ru and Cr + 0.5 at.% Ru, 
do not compare well with the single crystalline fit. For the former polycrystal it is about 
13 K higher and for the latter about 60K higher than the value of T,c obtained for the single 
crystals. It is difficult to explain this discrepancy, but it  may be noted that the 1-C transition 
on the B-T and C-T curves of the polycrystals is smeared out over about 75 K while it is 
nearly discontinuous in the elastic constant-temperature curves of the single crystals. 

The temperature dependence of the elastic constants and thermal expansion of Cr and 
dilute Cr alloys is often analysed in terms of a thermodynamic model [1,24] developed 
from an analysis by Testardi [E]. The assumptions of the model are [26]: (i) the 
magneuc free energy, AF,  is separable from the total free energy, (ii) the volume-strain 
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terms in A F  dominate the shear strain effects, (iii) A F  is a function of a single volume- 
dependent characteristic temperature and, (iv) for small strain the characteristic temperature 
is approximately a linear function in strain. In pure Cr and in some dilute Cr-alloys the 
effects of shear strain are very small and the thermodynamic model was applied successfully 
to Cr [27], Cr-MO [28], Cr-Fe [29] and Cr-AI [lo] alloys, indicating that the above 
assumptions are met for these cases. The Cr+0.3 at.% Re crystal remains in the ISDW phase 
below TN and exhibits magnetic contributions to the shear constants, c u  and ~ ( C I I  - CIZ), 
that are negligible compared to that of CII and CL. This crystal thus seems appropriate 
for applying the thermodynamic model. For the Cr + 0.5at.8 Re, Cr + 0.3at.96 Ru and 
Cr + 0.5 at.% Ru crystals that show I - c  transitions, shear effects remain very small in the 
ISDW phases but become relatively larger in their CSDW phases. It is however still relatively 
small compared to that of c11 and CL in the CSDW phase (see figures I ,  2 and 4). For 
Cr + 0.3 at.% Ru, for instance, the maximum magnetic contribution to c u  in the CSDW 
phase is approximately 24% to CM and 4% to &(cI1 - q2). while it is approximately 50% 
to B. The thermodynamic model is therefore also expected to be applicable, to a good 
approximation, in the CSDW phases of the Cr-Re and Cr-Ru crystals. The analysis will 
give information on the usefulness of applying the thermodynamic model to all magnetic 
phases of dilute Cr alloys. 

A H Boshoff et a1 

The magnetic free energy is given by [271 

AFO. 0) = 4(w)f[r(o)l 

where t = T/To(w), with To(w) a characteristic temperature. For T + TN from below 
or from above, 4 is assumed 1271 to be constant, independent of the volume strain w, and 
To(w) = TN(w). At lower temperatures 4 depends on w. Taking f ( t )  = ( I  - r z ) 2  in this 
case, as was previously done for Cr alloys [1,29], and assuming To(w) to be linear in w 
[271, one obtains [29] ,_ 

A B  =bo + blr2 + b2t4 

AW = 00 + ait2 + g t 2  

(3) 

(4) 

for the magnetic contributions to the bulk modulus, B ,  and magnetovolume Aw, 
respectively. 

Constants (bo, b1, b2) and (uo, ai1 02) contain 4, its first and second derivatives to strain, 
as well as To and its first and second derivatives to strain, and are given by (3) and (5) 
of [291. Measurements of (ao, a i ,  az) and (bo, bl, bz) allow for a determination of dln4Idw 
and dInTojdw through the equations [29] 

dlnTo/dw=-- 5-+3-+7 :(:a : ) 
where 
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TN(w)  at 
all T < TN. For Cr and dilute Cr alloys, the magnetovolume can also be written [1,10,27] 
in terms of the magnetization as 

In the Steinemann [1.30] application of the thermodynamic model, To(w) 

Aw(T)  = C ( T ) ( M 2 ( T ) )  (9) 

where ( M 2 ( T ) )  is the mean square magnetic moment and the magnetoelastic coupling 
constant, C(T), is taken to be temperature dependent. Neglecting spin fluctuations or 
rotations below TN,  ( M z ( T ) )  = M;(T)/2 for the ISDW phase and ( M z ( T ) )  = M;(T) 
for the CSDW phase [I], where Mo(T) is the peak moment. In (9) [10,31] 

c(T) = c(o)[I +c(T/TN)’] (10) 

( M 2 ( T ) )  = (M*(o))[l + a(T/TN)* +8(T/TN)4]. (11) 

From (9) 

Aw(O/Aw(o) = (1 + 3 t 2 ) ( M Z ( f ) ) / ( M Z ( 0 ) )  (12) 

where f = T / T N .  Equation (4) for Aw then also follows from (11) and (12) if %(w) is 
taken to be proportional to TN(w). For the rest of the discussion we take To = TN. as was 
done in the Steinemann 1301 application of the thermodynamic model and was found [29] 
to be a reasonably good approximation in Cr-Fe alloys, for which (3) and (4) were found 
to fit the experimental data rather well from low temperatures to temperatures close to TN. 

The above theory was used to analyse the results obtained for the Cr+0.3at.% Re and 
Cr + 0.5 at.% Ru crystals. As the former remains in the ISDW phase at all T c TN,  and 
the temperature range in which the CSDW phase exists in the latter is the largest of the four 
alloys studied, these two crystals are best suited for this purpose. 

Figure 12(a) and (b) show AB as a function of temperature below TN for Cr+OSat.% 
Ru and Cr + 0.3 at.% Re together with the best fits of (3) to the results. For Cr + 0.5 at.% 
Ru for which B could not be measured to temperatures well above TN, AB was obtained 
by subtracting the measured B values directly from the B values of Cr+5at.% V as given 
by Alberts [13]. This procedure will not affect bl and bz of equation (3) but only bo, for 
which the estimated error, caused by not translating the B-T curve of Cr+5at.% V slightly 
up or down, as was done for Cr + 0.5 at.% Ru, is about 10%. The fits of (3) to the data in 
figure 12(a) and (b) are rather good, even up to temperatures fairly close to TN. The fitting 
parameters (bo, bl, bz) are shown in table 2 together with the experimental errors obtained 
by the least-squares fitting procedure. 

Table 2. Values of bo. bl and bz in the expression AB =bo  t bllZ t h?, where I = ‘TI 7’’- 
obtained for the Cr + 0.5at.70 Ru and Cr + 0.3at.% Re crystals by a least squares fit to the 
exprimnal data 

Sample b~( lO”Nm‘~)  bi(lO”Nm-*) bi(lO”Nm”) 

0.5at.70 Ru 0.276 + 0.010 0.220 f. 0.020 0.225 k 0.023 
0.3atB Re 0.10 -t 0.01 0.090 f. 0.01 0.22 I. 0.02 

The magnetic moment could not be obtained from our neutron diffraction measurements 
in the ISDW phases of the alloys, as this requires in principle well resolved neutron 
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intensity measurements of all magnetic satellites around the (010) position. For the 
CSDW phase only a single peak is observed at the (010) position and provided that no 
changes in domain structure occurs 1321, measurement of the temperature dependence of 
the integrated intensity reliably gives the behaviour of the reduced sublattice magnetization 
m. If extinction effects [lo] are negligible, the integrated intensity I ( T )  IX m2(T) .  As 
shown in figure 13(a) the measured intensities for the CSDW phase of the Cr+ OSat.% Ru 
crystal, is well fitted by an equation of the form I(T) = CO + CtT2 + CzT4, which gives 
M z ( T ) / M 2 ( 0 )  = l+k(T/T~)'+t(?'/Tj)~ with k = -(0.25f0.01) andt = -(0.72f0.02). 
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Figure 12. The magnetic confribulion. AB. to the 
bulk modulus, 8 ,  as a function of temperature for (a) 
Cr+0.3a~BReand(b)CrtO.5at .%Ruinthecs~w 
phase. The full curves are the besi fit of the equation 
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Figure 13. (a) Integated neumon intensity, I ,  of the 
(010) peak of the CSDW phase of Cr+ 0.5at% Ru as 
a function of temperature. The full curve is the best 
fit of the equation I ( T )  = CO + C1T2 t C2T' to the 
dah. (b) me magnetovolune. Au, of polycrystalline 
Cr + 0.5al.B Ru as a functlon of temperatwe. Tbe 
full curve is the best fit of the equation IAwl = 
Do + DIT' + D a P  to the dam. 

The magnetovolume, Aw(T) ,  of polycrystalline Cr + 0.5 at% Ru was measured by 
Alberts and Lourens [22]. Figure 13(b) shows Aw(T)  as a function of temperature obtained 
from their work, together with the best fit of (4) to the data The fit is fairly good, giving 
ao = -(27.10 f 0.01) x and a2 = (9f 1) x lo4 using 
TN = 435K for the polycrystalline A w ( T )  results. It is now possible to test the validity 
of (12) for the Cr + 0.5at% Ru crystal. Figure 14 shows a graph of Aw(t)/Aw(O) as a 
function of [ 1 - 0.3r21M2(t)/M2(0) for this crystal in its CSDW phase. Equation (12) fits 

at = (0.18 f 0.01) x 
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the experimental results fairly well with ( = -0.3. The only other dilute Cr alloy system 
for which < was determined previously is the Cr-AI system. Baran and co-workers [lo] 
obtained < = +0.52 for Cr + 2.6at.% A1 giving, surprisingly, an increase of C ( T )  with 
increasing T. For Cr+ 0.5 at.% Ru, however, C ( T )  decreases with increasing temperature, 
as expected intuitively. 

3 0.6 

2 0.4 

3 a 
2 o.6D 0.5 at.% RU 

+ - 

0.2 
0.2 0.4 0.6 0.8 1.0 0.3 0.6 0.9 

M2(t)/M2(o) 
Figure 14. Aw(l)/Ao(O) as a function of[l + 
yf2]M2(f) /M1(0) where < = -0.3, for Cr + 
0.5al.96 Ru and f = T / T N ,  The full curve is the 
theoretical behaviour expected from (12). 

Figure 15. AB(f) /AB(O)  as a function of Mz(t)/M2(0) 
for Cr +O,Sat.% Ru where f = T/TN.  The full curve 
is the besl fit of lhe equation A B ( f ) / A B ( O )  = Eo + 
E I M ~ ( ~ ) / M ’ ( O )  + EiM4(f)/M4(0). 

In Steinemann’s [30] thermodynamic analysis, which is often used [I] for Cr and its 
alloys, $ a [TN(W)I4 and M z ( t )  = M2(0)(l - t 2 ) .  This gives 

AB( t ) /AB(O)  = [(3 - t2)/3(l - t2)1[MZ(t)/M2(0)l (13) 

where TN is assumed to be linear in strain. 
Equation (13) does not fit the results for the Cr+ 0.5 at.% Ru crystal in its CSDW phase, 

pointing to possible incompleteness of the Steinemann approach. The AB(T)/AB(O) data 
for this crystal are instead fitted reasonably well by the equation 

AB( t ) /AB(O)  = (2.23 zk 0.02) - (1.4 zk 0.1)M2(t)/M2(0) + (0.14 zk 0.09)M4(t)/M4(@4) 

as shown in figure 15. 
The terms d InTN/dw and d In$/dw were calculated for Cr f0.5 at.% Ru using (5H8). 

The calculation gives d In$/dw = (14 ?C 13) and d In$/dw = (122 i 11) as obtained from 
(5) and (6). respectively, and d InTN/dw = (48 f 4). The values of d Inqb/dw obtained for 
the Cr+0.5 at.% Ru crystal are of the same order of magnitude as obtained for dilute Cr-Fe 
alloys [29]. The pressure dependence of TN was measured directly by Jayaraman and co- 
workers 1331 for polycrystalline Cr+0.3 at.% Ru and Cr+0.6at.% Ru. From their results a 
value hTN/dI!J E 58 is obtained by interpolation for Cr+0.5 at.% Ru. This value compares 
fairly well with the value d InTN/dw = 48 obtained from the magnetoelastic measurements 
in the present study on the Cr + 0.5 at.% Ru single crystal. 
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5. Conclusions 

It is concluded that the KDW-CSDW and CSDW-ISDW magnetic transitions in dilute Cr-Ru 
and Cr-Re single crystals are first-order transitions while the CSDW-P and ISDW-P transitions 
are of second order. The thermodynamic model predicts the temperature dependence of 
the magnetic contributions to the bulk modulus, in both the ISDW and CSDW phases of 
these alloys, reasonably well. However, it fails to give the correct relationship between 
these contributions and the magnetization of the alloys, pointing to shortcomings in the 
thermodynamic model. 
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