Magnetic Phase Diagram of Cry,.,Os, alloys
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Abstract: The magnetic phase diagram of Cr;.,Os, exhibits a triple point at 7] = 315 K and
xp = 0.14, where the incommensurate (I) spin-density-wave (SDW), commensurate (C) SDW
and paramagnetic (P) phases coexist. Previous studies focused on measurements around the
triple point and concentrations up to x = 2. The possible merits of an investigation into the
magnetic phase diagram of Cr-Os specifically at high diluent concentrations should be
considered against the background of other Cr alloys with group-8 diluents, such as those of
Cr-Re and Cr-Ru. These alloys show interesting features for x >> x|, such as superconducting
properties and quantum critical behaviour. Thus, in order to initiate similar studies a
polycrystalline Cr.,Os, alloy series with 2 < x < 22 were prepared and characterized using
scanning electron microscopy, electron microprobe analysis and X-ray diffraction. Electrical
resistivity (p) and magnetization (M) measurements as a function of temperature (7) were done
in the temperature range of 2 K < 7 < 1100 K. These results were used to obtain the Néel
transition temperatures (7y) of the various alloys and to map out the magnetic phase diagram
of the Cr 9., Os, alloy system for x > 2.

1. Introduction

The magnetic phase diagram of Cr;,.,Os, exhibits a triple point at 73 = 315 K and x; = 0.14, where
the incommensurate (I) spin-density-wave (SDW), commensurate (C) SDW and paramagnetic (P)
phases coexist [1, 2]. Previous studies on the physical properties of Cr-Os included heat capacity (C,)
[2], electrical resistivity (p) [2, 3, 4], thermal expansion [2, 4] and magnetic susceptibility (y) [5, 6].
These studies focused on measurements around the triple point and concentrations up to x = 2, leaving
the phase diagram of Cr-Os incomplete for x >> x;.

It is surprizing that the Cr-Os magnetic phase diagram has not been fully explored and is still
unknown for concentrations above x =2 [1-6], as the magnetic phase diagrams of many Cr alloys with
group-8 metals, such as Cr with Re and Ru have very interesting properties for x > x; [1]. These
properties include possible superconducting behaviour existing together with antiferromagnetism [1],
as well as quantum critical behaviour [7, 8]. These properties are strongly associated with current
interests as is revealed in recent literature [7-12]. Superconducting properties in Cr-Os alloys with
very high concentrations of Os have been previously reported [13, 14, 15]. Alloys containing 25, 28
and 33 at.% Os show superconducting transition temperature (7}) at 2.4 and 2.75, 4.03 and 1.03 K,
respectively [13, 14, 15]. This is in agreement with results obtained for other alloys with group-8
diluents such as in the case of Cr-Ir, Cr-Ru and Cr-Rh [14, 16].

In order to extend the investigations of the unique properties of Cr alloys with group-8 diluents and
to be ultimately inclusive of all Cr alloys with group-8 metals, the present investigation focusses on



the properties of the Crjg.,Os, alloys with 2 < x < 22. This study utilizes electrical resistivity (p) and
magnetization (M) measurements in order to complete the phase diagram of Cryg.,Os,, from which
further investigations can follow.

2. Experimental

Polycrystalline binary Cry,Os, alloys with 2 < x < 22 were prepared by arc melting in a purified low
pressure argon atmosphere from Cr and Os of mass fractional purities 99.999% and 99.99%
respectively. The constituent metals were melted fifteen times in total, turning it upside down between
melts with two crushes after every five melts in order to improve the homogeneity. Powder X-ray
diffraction (XRD) analyses, using Cu-K, was used to characterize the samples structurally and
confirm whether the samples were single or multi-phase. The actual elemental composition and
homogeneity were determined using electron microprobe analyses. Electrical resistivities (p) were
measured in the range 2 < 7 < 380 K, using the Quantum Design Physical Properties Measurement
System (PPMS) incorporating the appropriate measurement option. Resistivity measurements for the
temperature range 273 K to 1100 K were performed under high vacuum using the standard dc-four
probe method with Keithley instrumentation. In order to eliminate the thermal EMF the sample
current was reversed for each set of readings [17]. For samples with transitions in a range 300 K < 7T'<
700 K the PPMS with the vibrating sample magnetometer (VSM) oven option were used to measure
the magnetization (M) on heating in an applied magnetic field of 20 kOe. The Quantum Design
Magnetic Property Measurement System (MPMS) was used to measure the magnetization for samples
with transitions in the temperature range 2 K < 7' < 390 K. These samples were zero field cooled
(ZFC) to 2 K and measurements were taken on heating in an applied magnetic field of 50 Oe.

3. Results and discussion
Figure 1(a) and (b) show the X-ray diffraction (XRD) spectra of the as-cast CryOs, and Crg;Os,3 in
grey, while the XRD spectrum for pure Cr is shown in black. The XRD spectra were compared to that
in the Joint Council of Powder Diffraction Database (JCPDD) for pure body centred cubic (bcc) Cr
(reference number: 04-008-5987). Comparing the relative peak positions, obtained from the JCPDD
data base to the current XRD spectra of CrygOs, and Crg;Os)3, it is observed that only the primary
reflections [110], [200], [211] and [220] were obtained. The absence of any other reflections, which
might be observed for other Cr-Os binary alloys, indicates that the current alloys were in single phase.
Since annealing of the samples created additional phases it was decided to only use as-cast samples in
the present study.

It is also observed in figure 1(a) and (b) that for the Cr-Os alloys the primary reflections are
slightly shifted to lower 20 values, relative to the primary peak positions of pure Cr. This
displacement is more apparent for Crg;0s,; than for CreOs, though, i.e. it increases with increasing
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Figure 1. XRD patterns for (a) CroOs, and (b) Crg;Os;; alloys are shown in grey, together with the
pattern expected for pure Cr shown in black. The (4k/) Miller indices of the various reflections
obtained from the JCPDD expected for the profile of bce Cr are indicated (reference number: 04-008-
5187).



Os concentration. It is believed that the shift is caused by a distortion in the lattice parameter due to
the addition of the large Os atoms. The lattice parameters (@) as function of x for Cryy..Os, alloys, as
calculated from the XRD results, are represented by solid circles figure 2. The lattice parameter
increased linearly from the value of 0.28800 nm obtained for pure Cr to 0.29108 nm for the Cr50sy,
alloy. Following the work of Vagard [18] the theoretically expected lattice parameters were calculated
using:

Qalloy = (1 =x)acy + xaps, (D
where ac, and ag, refer to the lattice parameters of Cr and Os at room temperature, respectively, and
Qaiey 18 the calculated value for the lattice parameter for the specific Crig.,Os, alloy. The values
obtained using equation (1) is represented by the open triangles in figure 2, these correspond well with
those calculated from XRD results. A linear fit, a = bx + ¢, to the data in the investigated
concentration range gives b = (1.411x107 + 2.546x107) A/at.% Os and ¢ = (2.88 + 3.241x10™%) A.

Electron microprobe analyses of the Cr-Os alloys indicate that all the samples are homogeneous in
composition and that the actual concentrations of the Os vary by less than 1 at.% from the nominal
concentrations. The relatively small deviation in the actual and nominal concentrations can be
attributed to mass losses during the manufacturing process of Cr alloys, due to the evaporation and
diffusion of tiny mass particles during melting and/or to the mass losses during crushing process.

Representative p(7) curves for Cryg.,Os, alloys with 2 < x < 22 are shown in figures 3(a) and (b).
Well defined anomalies appear in the form of clear minima followed by prominent domes in all the
P(T) curves for alloys with x < 13. This behaviour is associated with the formation of the SDW on
entering the antiferromagnetic phase on cooling through the Néel temperature (7y) [1]. The sudden
increase in resistivity on cooling through Ty finds its origin in the nesting of electron and hole Fermi
surfaces [1]. This leads to a reduction in the charge carriers available for conduction resulting in an
increase in resistivity just below 7y [1]. The anomalies become more pronounced on increasing the Os
concentration up to x = 4, as the electron and hole Fermi surfaces become increasingly similar in size.
Greater parts of the Fermi surfaces are thus being affected, causing an increase in the resistivity
anomalies as the SDW becomes more commensurate [3, 19] with the lattice. However, for alloys with
x > 6 it is observed that the relative size of the magnetic anomalies, as well as the values of Ty,
decreases.

The Néel temperature for Cr alloys can be defined either as the temperature of the minimum in
o(T) accompanying the magnetic phase transition or the inflection point in po(7) curve; determined by
considering the temperature associated with the minimum in dp/dT versus 7 curve[1]. Considering all
the results obtained it was decided to implement the first definition of 7y for the present study
regarding the magnetic phase transitions in the Cryg.,Os, alloy system.

Figure 4 shows representative reduced magnetization, M(7), curves for Cr,Os, alloys. For
measurements the temperature range 300 K < 7 < 700 K M, is defined as M/M;yk, while for
measurements the range 2 K < 7'< 300 K, M, = M/M,k. The dashed lines in figure 4(a) and the inset
of figure 4(b) represents a back extrapolation from the paramagnetic phase at 7> Ty. The Ty values

b Figure 2. The lattice constant (a) as function
| of x for various Cry.,Os, alloys. The values
obtained from the XRD measurements are
represented by the solid circles (o) with error
bars. Open triangles (A) represent the values
obtained using a,joy = (1 — x)acy + xags,
where ac, and aos refer to the lattice
parameters of Cr and Os at room
temperature, respectively, and ey 1s the
calculated value of the lattice parameter for
each specific Cri0.Os, alloy [18]. The
line is a linear fit to the experimental data.
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indicated by arrows were obtained from the point where the M,(T) curve deviates from the dashed
line. Anomalies, in the form of a downturn on cooling, are observed in the vicinity of 7y for the alloys
with x < 13, similar to the behaviour normally observed for Cr alloys below 7y [1]. The downturn in
M(T) on cooling through 7y is ascribed to a decrease in the density of states at the Fermi surface
when the nested parts of the electron and hole Fermi sheets are annihilated. The decrease in the
density of states is accompanied by a decrease in the itinerant electron concentration responsible for
magnetism [1]. It is again noted that the anomalies become more pronounced for Cr-Os alloys
approaching the concentration x = 4, after which a further increase in Os content results in an
increasingly weaker anomaly in the M,(T) curves at Ty. As an example of this, consider the M,(7)
curve of the x = 12 alloy shown in figure 4(b). A relatively weak anomaly at 7y for this alloy (at
approximately 150 K) is hardly visible in the full scale curve, it is however clearly seen on an
enlarged scale on the inset shown in figure 4(b). The results of the x = 12 alloy show a slight increase
in M, when cooling from 7" > Ty, followed by the expected downturn for 7' < Ty, resulting in a weak
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Figure 3 (a) and (b). The electrical resistivity, p, of selected Crjo.,Os, alloys in the temperature
range 2 < T< 1000 K, with (a) x =2 (A), 6 (V), 10 (¥¢) and 12 (O) and, (b) x = 13 (*) and 18 (=).The
experimental error in the absolute value of p is approximately 3% and originates mainly from errors
in the determination of the sample dimensions.
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Figure 4. The temperature dependence of the magnetization, M,(T), of the Criy.Os, alloy system
with (a) x =2 (A), 4 (+), 6 (V) and 8 (O) in the temperature range 300 to 700 K and, (b) x = 12 (O)
and 14 (A) in the temperature range 2 to 390 K. The inset in (b) shows M,(T) curve for x = 12 on an
enlarged scale. The dashed lines are discussed in the text.



peak in M,(7) at Ty. Alloys with x > 13 did not show anomalous behaviour associated with a magnetic
transition in their M,(T) curves in the temperature range 2 to 390 K — see for example the M,(7) curve
for the x = 14 alloy shown in figure 4(b). These samples were taken to be paramagnetic at all
temperatures down to 2 K.

In figure 5 the magnetic phase diagram for the Cr-Os alloys is shown, constructed from the 7y
values obtained from the current o(7) and M(T) results, together with those determined in previous
studies [2-6]. It is evident that the 7y values obtained from the current o(7) results correspond well
with those found in previous studies on this alloy system for x = 2. However, discrepancies are
observed in the 7y values obtained from the p(7) and M(T) results for samples with x =2, 4, 6, 8, 10
and 12. Resistivity measurements are known to be extremely sensitive to anomalies at 7y and are
normally the first type of measurements to be considered in determining the magnetic transition
temperatures [1]. As mentioned earlier, the M(7) results for these samples were obtained using the
VSM option of PPMS that could be used for measurements in the temperature range 300 to 700 K,
while M(T) results for the samples with x > 8 was obtained from magnetization measurements
utilizing the MPMS in a temperature range 2 to 400 K. From figure 5 it is clear that the 7 values
obtained from the M(7) results using the VSM option of the PPMS differ to a larger extend from those
determined from the po(7) results, when compared to those Ty values obtained from the M(T7) results
obtained using the MPMS. It is speculated that these discrepancies can possibly be related to the
differences in heating rates (0.6 K/min for the MPMS versus 5 K/min for the PPMS) or the
differences in the applied magnetic fields (50 Oe for the MPMS versus 20 kOe for the PPMS, i.e.
relatively high applied magnetic fields were required to effect magnetic transitions with the VSM
oven option). On the other hand it is also important to remember that the MPMS is equipped with a
more sensitive SQUID sensor, thus enabling extremely accurate magnetic measurements, two orders
of magnitude better than the magnetization values obtained using a VSM option of the PPMS [19,
20]. However, the reasons for the observed discrepancies still warrant further investigation.

The present study extends the magnetic phase diagram of this alloy system to much higher Os
diluent concentrations than what were previously determined [2-6]. The magnetic phase diagram
obtained for Cry(Os, alloy system resembles the typical behaviour of Cr alloys with group-8 metals.
The initial increase in Ty with increasing Os concentration can be understood by Fedders and Martin’s
theory [3, 5, 17, 21-23]. According to this theory, addition of metals to the right of Cr in the periodic
table increases the electron to atom ratio (e/a) and the size of the electron Fermi sheet of pure Cr. This
leads to an increase in the contact area between the electron and hole sheets which correspond to an
increase in Ty [24]. Applied to the current alloy system this implies that the Os increases the electron
concentration and enlarges the interaction area of the electron-hole Fermi surfaces. This effect
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Figure 5. The magnetic phase diagram for the Cri..Os, alloy system as function of Os concentration,
showing Ty (K) values obtained from electrical resistivity (%) and magnetization (0) in the present
study. Data points from previous studies are also shown in the figure: Arajs et al. [3] (®), Butylenko et
al. [1, 2, 4] (A ,m) and Hedman et al. [5] (O). P refers to the paramagnetic phase, while AF; and AF,
refer to the incommensurate and commensurate SDW phases, respectively. The solid and dashed lines
are guides to the eye.




improves the nesting and stabilises the SDW. As x is increased, the CSDW phase forms at x = x;. On
addition of Os concentration above triple point concentration, 7Ty rises rapidly and reaches saturation
at approximately 4 at.% Os, where perfect nesting occurs, when the size of electron sheet becomes
nearly equal to the hole sheet. Further addition of Os leads to Fermi surface mismatch again and the
electron sheet becomes bigger than the hole sheet. This effect destabilizes the structure and reduces
the Tn. According to the current results, the antiferromagnetic order is completely suppressed for Cr-
Os alloys with x > 13 and samples with x > 13 remain paramagnetic for all 7> 2 K.

4. Conclusion

The magnetic phase diagram of Cryg.,Os, alloy system was, for the first time, as could be
ascertained, determined for concentrations as high as x = 22. The general behaviour is similar to that
observed for other Cr alloys with group-8 non-magnetic transition metals such as Cr-Ru and Cr-Re
[1]. It is important to note that the present p(7) results fit well in with those obtained from previous
studies [2-6] on this system for x < 2 and shows that the antiferromagnetism in this system appears to
be fully suppressed for x = 13. However, discrepancies is observed in the 7y values obtained from the
A(T) and M(T) results for samples with x = 2, 4, 6, 8, 10 and 12 — this needs to be clarified through
further investigation. No indication of superconductivity was found in the p(7) measurements of the
alloys investigated, in the temperature range 7> 2 K.

This project has addressed certain fundamental questions regarding the behaviour of the Cr-Os
magnetic phase diagram at relatively high diluent concentrations. This is a first step from where
investigations into possible quantum criticalities in this alloy system can follow.
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