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Abstract. This paper reports on the spin-density-wave properties of the (CrgsRe 6)100., V., alloy
system, with 0 < x < 10.4 at.% V. The Crg4Re s alloy represents an important and interesting
position on the magnetic phase diagram of CrRe, just below the critical concentration where
the Re concentration suppresses the antiferromagnetism in this alloy system. The possible
coexistence of antiferromagnetism and superconductivity in CrRe was previously studied in
samples with concentrations in the range of 14 to 25 at.% Re. In this study the Crg,Re ¢ alloy is
tuned to a possible critical point through the addition of V. The Néel transition temperatures
(Ty) for samples with x = 0, 5.7, 8.5 and 10.4 at.% V are obtained using electrical resistivity
(p) and magnetic susceptibility () measurements. A plot of Ty versus V concentration
indicates the existence of a possible quantum critical point at x =10.5 at.% V.

1. Introduction

The concentration versus temperature magnetic phase diagram of the CrRe alloy system exhibits three
spin-density-wave (SDW) phases, the longitudinal (L) incommensurate (I) SDW, the transverse (T)
ISDW and the commensurate (C) SDW [1]. A triple point is situated at ¢, = 0.30 at.% Re, where the
ISDW, CSDW and paramagnetic (P) phases coexist. Only a nearly linear ISDW-P phase line exists
for ¢ < ¢, but for ¢ > ¢; both ISDW-CSDW and CSDW-P phase lines, which are strongly non-
linear, appear on the phase diagram [1].

The CrRe system shows rather normal behaviour, fairly well understood within the framework of
the canonical model, where Re behaves as an electron-donor in the Cr matrix [1]. As the Re
concentration is increased above the triple point concentration, the electron and hole octahedral Fermi
surfaces become closer in dimension. As both surfaces are almost of equal size, an improvement of the
nesting of these two surfaces occurs with the concomitant increase in the Néel temperature (7y)
reaching saturation at =7 at.% Re. At about 7 at.% Re, perfect nesting between the electron and hole
surfaces occurs [2, 3]. Higher concentrations of Re result in a reduction of Ty. This behaviour is
presently not well understood, but corresponds to that observed for CrRu [1].

Previous research on CrRe has focussed on alloys and single crystals close to the triple point
concentration [1, 4], as well as on concentrations in the range of 14 to 25 at.% Re [1]. Interest was
drawn to CrRe alloys with concentrations above 14 at.% Re after the work of Muheim and Miiller [5]
on the nature of the phase boundary and the possible coexistence of the SDW and the superconducting
phases in Crygo.Re, alloys, indicating superconductivity above 20 at.% Re. The coexistence of
antiferromagnetism and superconductivity was found in a sample with 17 at.% Re [6], with a Néel
temperature of approximately 160 K and superconducting transition temperature typically around 3 K.
Superconductivity was also later found [7] in samples containing concentrations as low as 14 at.% Re,



with a superconducting transition of approximately 1 K. This research was extended by Nishihara et
al. [8] investigating the magnetic and superconducting properties of samples containing between 14 to
25 at.% Re.

Due to severe metallurgical problems that can occur in preparing samples with uniform
composition [5, 9], Damaschke and Felsch [7] however cautioned against the conclusion that the
observation of a Néel transition in samples with concentrations higher than 14 at.% Re is used as firm
evidence for the coexistence of the SDW and antiferromagnetic phases.

The behaviour around critical points of the Cr alloys can be probed by fine tuning of the parameters
that influence SDW formation in these systems. The first such parameter is the effect of electron
concentration on the area of the electron and hole Fermi surface sheets of Cr that nests [1] when the
antiferromagnetic phase is entered. This nesting decreases the energy of the system through electron-
hole pair condensation and results in the appearance of SDW energy gaps at the Fermi surface in
certain directions of k-space on cooling through 7y. The nesting area, and concomitantly the stability
of the SDW state, depends on the electron concentration per atom (e/a) which can easily be tuned by
alloying Cr (e/a = 6) with elements like V (e/a = 5) or Mn (e/a = 7) to respectively decrease or
increase the electron concentration. This effect plays a dominant role in affecting the SDW state in Cr
alloys when alloyed with 3-d solutes that have an e/a number different from that of 3-d Cr. The second
important parameter is the electron-hole pair breaking effect due to electron scattering by solute
atoms. This parameter plays a dominant role when Cr is alloyed with the isoelectronic 4-d metals Mo
(e/a = 6) or W (e/a = 6) [1] that leaves the electron concentration intact. Taking this into account there
thus seems to be several options to tune Cryg_,Re, through a critical point, using chemical doping with
a third element as tuning parameter. This creates the opportunity to investigate the possibility of a
quantum critical point in the CrRe alloy system, as well as the phase boundary between the
antiferromagnetic and superconducting phase.

Utilizing the above mentioned characteristics Alberts et al. [10] investigated the magnetic and
superconducting properties of (Crjop.,Mo,);5sRu5 with x = 0, 3, 6 and 10 at.% Mo. The results of this
investigation was however inconclusive since these samples were superconducting, but none of them
showed any evidence for the Néel transitions.

Recent work on CrRu [11, 12] reignited the interest in the CrRe alloy system, as much
correspondence is seen between these two alloy systems [1]. Firstly, the 7-c magnetic phase diagrams
of these two systems are very similar and in the second place the possibility of the coexistence of the
SDW phase together with the superconducting phase has also been considered in both these alloys
previously [1]. The in-depth studies on CrgsRuy4 reported by Reddy er al. [11] resulted in
investigations into the magnetic and quantum critical behaviour in a CSDW antiferromagnetic
(CrggRuy4)100.4Vy system [12]. The concentration—temperature (y-7) magnetic phase diagram obtained
for this system depicts a critical point at y = 10.4 at.% V, classified as a CSDW type of quantum
critical point . This study indicated a peculiar difference in the mechanism responsible for driving this
system and the Croo.,Ru, system to a quantum critical point using e/a as a tuning parameter. Our
present work seeks to further illuminate this question.

The work by Reddy er al. [12] is strongly aligned with the current interest in quantum criticality in
Cr alloy systems, as is reflected in recent literature [13, 14, 15, 16]. For a more comprehensive view, it
is of interest to broaden studies on quantum criticality to a wider range of the different possible
magnetic phase diagrams, and regions amenable to the quantum critical ground state of Cr alloy
systems.

The present study is a preliminary investigation aiming to extend these studies to the CrRe system
in order to better understand the quantum critical behaviour in Cr alloys in general.

2. Experimental

Pseudo-binary (CrgsRei6)100..Vy, With 0< x < 11 at.% V alloys were prepared by arc melting in a
purified argon atmosphere from 99.99 wt.% Cr, 99.99 wt.% Re and 99.8 wt.% V. The alloys were
annealed in an ultra-high purity argon atmosphere at 1343 K for seven days and quenched into iced



water. Powder X-ray diffraction (XRD) analyses were used to confirm that the samples were single
phase. The approximate chemical composition of the individual alloys was determined using a
scanning electron microprobe (SEM) and energy-dispersive X-ray spectrometry (EDS). The actual
elemental composition and homogeneity were determined using electron microprobe analyses.
Electrical resistivity (p) and magnetic susceptibility (¥) were measured for 2 < T < 390 K, using
standard Physical Properties Measurement System (PPMS) incorporating appropriate measuring
options and a Squid-type magnetometer based on the Magnetic Properties Measurement System
(MPMS) platform of Quantum Design [17]. For magnetic susceptibility measurements the samples
were cooled to 2 K in zero field and the measurements were done upon subsequent heating of the
samples in a field of 100 Oe. Resistivity measurements for temperatures above 390 K were performed
using resistive heating in an inert environment using the standard dc-four probe method and current
reversal with Keithley instrumentation.

3. Results and discussion

The CrgRe 6 alloy represents an important and interesting position on the magnetic phase diagram of
CrRe, just below the concentration where Re addition suppresses antiferromagnetism in this system
and superconducting properties is also expected. By adding V to this alloy, the (Crg;Re6)100.. V. System
can slowly be tuned to a critical point. In this way it is possible to investigate not only the phase
boundary between the antiferromagnetic and superconducting phase, but also the possibility of a
quantum critical point in this alloy system.

Special emphasis was placed on synthesizing specimens of high homogeneity and metallurgical
quality in an effort to resolve magnetic and anticipated superconductivity instabilities and phase
changes in the phase diagram of the system. This is of great importance as previous studies on CrRe
pointed out severe metallurgical problems encountered in preparing samples of uniform composition
[5, 9], attributed to the high vapor pressure of Cr at the liquidus temperature [1, 5]. The unusually high
melting temperatures of refractory elements such as Re inevitably demands that adequate heat be
supplied at the time of arc-melting in order to coerce full solution of the dopant elements into the Cr
matrix. Figure 1 shows the xrd patterns for the Crg4Re s sample. The entire profile in the CrgReys
spectra is well fitted to the xrd pattern of pure bcc Cr by adjusting the lattice parameter of pure Cr
(2.8839 A) to 2.9350 A for this alloy, which corresponds well with that obtained previously in CrRe
studies [18]. No additional peaks are detected to within instrumental resolution in the CrRe alloy
spectra, indicating that the alloy formed in the bcc phase of pure Cr.
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Figure 1. The xrd pattern for the Crg;Re s sample with (hkl) Figure 2. The backscattered-
Miller indices of the various reflections expected for electron image of the Crg;Re ¢

the profile of bce Cr indicated. alloy .



The backscattered-electron image of the Crg,Re ¢ annealed mother alloy is shown in figure 2. The
image indicates that the mother alloy consists of a CrRe matrix with Cr concentration of (84+1) at.%
and Re concentration of (16+1) at.%. Also clear in this image are dark spots. Wavelength dispersive
X-ray spectra analyses showed the presence of oxygen within these dark inclusions. These inclusions
cover approximately 3-4% of the image having a surface area of about 180um’. For the individual
(Crg4Re 6)100.. V., samples used in this study, the V concentrations were found to be 5.7, 8.5 and 10.4
at.%.

The o(T) curves for CrgqRejs and (CrggReq6)100.. Vs, With x = 5.7, 8.5 and 10.4 at.% V, are shown in
figure 3(a) and figure 3(b). A well defined anomaly in the form of a minimum is seen in the p(7) curve
of the CrgsRe ¢ sample, attributed to an induced SDW energy band gap at the Fermi energy on cooling
through Ty [1]. Ty is often defined for Cr and its dilute alloys as the temperature of the minimum in
dp(T)/dT accompanying the magnetic phase transition [1]. This definition is also used for the
present (CrgsRej6)100.V, system. The inset in figure 3(a) depicts the temperature dependence of
dp(T)/dT, obtained from the p-T curve of the mother alloy shown in figure 3(a), with the position of
Tn marked by an arrow. The SDW anomaly is better defined in dp(T)/dT than in o(T) itself,
especially for the alloys with higher V concentrations as an increase in the V concentration not only
decreases the Néel temperature, but also results in a reduction in the size of the anomaly seen in these
curves. Ty values obtained in this manner are plotted on the magnetic phase diagram of figure 5. The
inset in figure 3(b) shows a weak low-temperature minimum for the (CrgqRe 6)s96V 104 sample, which
is absent in the other three alloys. Ty for this sample was taken at the temperature associated with this
minimum. The experimental error in the absolute value of p amounts to 5% and originates mainly
from errors in determining the sample dimensions, while our instrumentation permitted a resistivity
resolution of 0.5%. No evidence of superconductivity was seen in these samples down to 2K but
measurements below 2 K are needed to clarify this issue.

50 T T T T T 30 T T

T Y
(@) \l,N (b) ."M'.i’ N 08
0) [
.oov 25 | ... ....66
40 o R K ®3
o'. In 666
T < - € 20
S s} i / w |4 8
% S Goosr g ] ]
a K = . l’/ a1
iy g 000 ¢ wE
S z ¥ 17 |
S0 200 400 10
T®w o e 10 20 30 40 5
107 1 1 1 | | ] 5 ! 1 | TE
100 200 300 400 500 600 100 200 300 400
T (K) T (K)

Figure 3. The temperature dependence of the electrical resistivity, p, of the (a) CrgsRe s annealed
mother alloy and (b) the (Crg;Re;6)100..V, alloys, with x = 5.7 (@) ,8.5 (X) and 10.4 (O) at.% V. The
inset in (a) shows the temperature derivative (dp(T)/dT) of the Crg,Re;q alloy. The Néel temperatures
(Ty) for the various samples, shown by arrows, are obtained from the minima of dp(T)/dT. The inset
in (b) shows the weak minimum associated with Ty observed for the 10.4 at.% V sample and the line
is a guide to the eye through the data.

The magnetic susceptibility () as function of temperature for the samples containing 8.5 and 10.4
at.% V is shown in figures 4(a) and (b), respectively. In correspondence with results from previous
studies [19] weak anomalies are seen in the -7 curves, becoming more pronounced as the V
concentration is increased. Although only a weak minimum was observed in the p-T curve of the



(Crs4Req6)s0.6 V104 sample, a clear peak can be seen in the }-T curve of this alloy giving Ty = 28 K. The
Néel temperatures (7y), shown by arrows in these figures, were obtained from the resistivity
measurements. The transition temperatures from the y-T curves were taken at the point where a
decrease in y occurs, as the antiferromagnetic phase is entered. The broken line in figure 4(a) is a fit to
the data obtained in the paramagnetic phase, indicating the trend of the curve if the sample was to
remain paramagnetic. Ty was taken at the point where the experimental values deviate from the broken
line curve and the transition temperatures obtained in this manner correspond well with that
determined from the (dp(T)/dT) curves. Ty values obtained from the magnetic susceptibility
measurements of the (CrgsRe;4)100..V alloys with x = 5.7, 8.5 and 10.4 at.% V, were plotted on the
magnetic phase diagram of figure 5. The transition temperature of the Crg4Re s sample could however
not be determined in the present MPMS setup, as it is limited to a maximum temperature of 400 K.
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Figure 4. The temperature dependence of the magnetic susceptibily, ¥, for the (CrgsRe;6)100.. V. alloys,
with (a) x = 8.5 and (b) 10.4 at.% V. The Néel temperatures (Ty), shown by arrows in these figures,
are obtained from the resistivity measurements. The broken line in (a) is a fit to the experimental data
in the paramagnetic region.
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Figure 5 shows the Ty values, obtained from the electrical resistivity and magnetic susceptibility
measurements, as a function of V concentration for the samples investigated. The error in the Ty
values falls within the size of the data points. The solid line is a guide to the eye through the data
points. Extending the present results (see the figure for x = 10.4 at.% V) it seems that the SDW is
suppressed down to 2 K at x =10.5 at.% V. This suggests a possible quantum critical point at x =10.5



at.% V. Measurements of additional physical properties are necessary in order to clarify this
projection.

4. Conclusion.

The present study was devised to investigate the way in which antiferromagnetic ordering could be
suppressed in the (CrgsRejg)i00.V, system. Our results are conducive to an interpretation of
concentration-dependent magnetic ordering in this system, specifically through the addition of V as an
electron dopant into the CrRe pseudo-binary alloy, and hence we conclude that a first and important
ingredient of putative quantum criticality in this itinerant electron Cr system has been satisfied.
Investigations are in progress to include more alloy concentrations, as well as, for example, Hall
coefficient and magnetic susceptibility studies in order to explore the notion of criticality in this alloy
system. These are frequently used parameters [15, 20, 21] used in assessing quantum critical
behaviour in Cr alloy systems. Furthermore, measurements to temperatures below 2K are highly
desirable for investigating the possibility of a superconducting dome at very low temperatures in the
phase diagram.
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