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Abstract. This paper reports the results of the temperature dependence of the electrical 

resistivity (ρ) and magnetic susceptibility (χ) of (Cr84Re16)100−xMnx  alloys with x = 0.3, 0.4, 0.6, 

0.8 and 3.1. Anomalies are observed in the ρ(T) curves corresponding to the Néel temperatures 

(TN) of the samples. χ (T) curves of the (Cr84Re16)100−xMnx alloy system in a constant applied 

field of 100 Oe was obtained on increasing T after cooling in zero magnetic field (ZFC) and 

after cooling in a field of 100 Oe (FC). At low temperatures (T < 10 K), a sharp increase in χ is 

observed on increasing T after ZFC. A prominent sharp peak is observed close to 30 K beyond 

which χ rapidly decreases to lower values. The behaviour of χ is indicative of possible spin 

glass state at the boundaries of the itinerant antiferromagnetic order established by Mn frozen 

local moments. 

1. Introduction

The magnetic properties of alloys of Cr have been a topic of research for many years, however,

without much attention recently. Magnetism of Cr alloys still excites the experimentalist as the unique

antiferromagnetic properties of Cr [1] are significantly altered by adding small quantities of other

elements. Lomer [2] used the two-band model to explain the Fermi surface of Cr. This model

describes the two important features on the Fermi surface of paramagnetic Cr namely the electron

“jack” and a slightly larger hole “octahedron”. The shapes of these two Fermi surface features are

almost identical and thus shifting of one in reciprocal space through a wave vector (Q) results in the

surfaces “fitting” or “nesting” nearly perfectly against each other [3]. These “connected” electron and

hole states condense via Coulombic interaction into a spin-density-wave (SDW) of this wave vector

[3]. This leads to the incommensurate (I) SDW magnetic state. The nesting is sensitive to the degree of

matching between the two sheets and thus it is expected that the magnetic properties of Cr rely on the

topology of the Fermi surface. The Fermi surface topology can be altered by varying the electron

distribution [4]. The electron to atom ratio (e/a) of Cr is 6. This can be increased or decreased by

alloying with elements to its right or left respectively in the periodic table. Alloying with Mn (e/a =7)

results in the increase in size of the electron sheet and decrease in the size of the hole sheet. This

makes Cr more commensurate (C) and eventually a CSDW phase is formed. The CSDW state is more
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stable than the ISDW phase and the Néel temperature TN is expected to increase with increase in Mn 

concentration [4].  

The spin glass (SG) state is observed in cases where magnetic impurities (such as Mn or Fe) are 

hosted in non-magnetic metals [5]. In these systems, below a “freezing (or pinning) transition” at TP, 

there is no long range magnetic order but the spins are locked in a frustrated low energy state [6]. The 

occurrence of the spin glass state in alloys containing Cr and Mn have been reported before [7,8,9,10]. 

In Cr1−xMnx alloys, characteristics typical of the spin-glass state, namely hysteresis of M(H), peak in 

χ(T) in the ZFC state and relaxation of M as a the logarithm of time when H is changed were observed 

[8]. However, it differs from a conventional SG since the magnetic susceptibility χ(T) is essentially 

independent of temperature between TP and TN, and that the pinning temperature (TP) is essentially 

independent of Mn concentration. In the (Cr + 1.5 % Fe)1−x Mnx system, the SG state was reported to 

coexist with Curie-Weiss paramagnetism and at low Mn concentrations (x ≤ 0.3% Mn) the Fe impurity 

suppresses the spin-glass behaviour [9]. The Cr80−xFe20Mnx system displays a sequence of SG-

ferromagnetic-antiferromagnetic-paramagnetic magnetic phase transitions on heating from low 

temperatures [10]. 

The Cr84Re16 alloy is in the CSDW state at room temperature [11]. Doping with V (element to the 

left of Cr in the periodic table) drives the system towards incommensurability and reduces TN due to 

the lower electron/atom ratio (e/a) of V [11].  Results of the effect of V doping on this alloy system 

has been reported [12]. The present study was conducted to understand the nature of the magnetic state 

when Mn (element to the right of Cr in the periodic table) is used as a dopant. Preliminary 

investigation confirms the increase of TN with Mn doping and suggests the presence of the SG state in 

the (Cr84Re16)100−xMnx alloy system. 

2. Experimental

Ternary (Cr84Re16)100−yMny alloys with y = 0.3, 0.4 and 0.6, 0.8 and 3.1 were prepared by repeated arc

melting in a purified argon atmosphere from Cr, Re and Mn each having mass fractional purity of

99.99 %. The alloys were separately sealed into quartz ampoules and annealed in an ultra-high purity

argon atmosphere at 1343 K for seven days and quenched into iced water. The elemental composition

and homogeneity were determined using electron microprobe analyses. The crystal structure was

confirmed using X-ray diffraction (XRD). Electrical resistivity (ρ) was measured above 300 K using

resistive heating in an inert atmosphere using the standard dc four-probe method and current reversal

with Keithley instrumentation. Magnetic susceptibility (χ) was measured using a SQUID-type

vibrating sample magnetometer (VSM) MPMS3 of Quantum Design [13].  χ (T) curves of the

(Cr84Re16)100−yMny alloy system in a constant  applied field (100 Oe) was obtained on increasing T

after zero field cooling (ZFC). Measurements were then also done on heating after field cooling (FC)

at 100 Oe.

3. Results and discussion

Figures 1(a) and 1(b) show the representative XRD patterns for the (Cr84Re16)99.7Mn0.3 and

(Cr84Re16)96.9Mn3.1 alloys using with Cu radiation (0.154 nm wavelength). The four characteristic peaks

displayed in the XRD patterns confirm the expected body centred cubic (bcc) crystal structure for

these alloys.

Measuring the temperature dependence of resistivity (ρ) is a well-established method in locating TN

[11]. The increase in ρ below TN is due to electron-hole condensation in the nesting octahedra [11]

leading to a change in the number of charge carriers available for conduction. As the temperature

decreases, the condensation process progresses and there is a decrease in the final density of states.

This leads to a decrease in intraband (between nesting octahedra) and interband (between octahedra

and reservoir) scattering by impurity atoms which in turn decrease the contribution to resistivity [11].

Addition of Re to Cr, like Mn, increases the electron concentration and TN [11].  As the spin-glass state

is observed as a result of competing magnetic orders, it was necessary to first identify TN to ensure that
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the trends observed in the magnetic susceptibility curves correspond to the antiferromagnetic state of 

the alloys. 

Representative ρ(T) curves for the (Cr84Re16)100−yMny alloys with y = 0.3, 0.4 and 3.1, are shown in 

figure 2. The temperature associated with the minimum in dρ(T)/dT accompanying the ρ(T) magnetic 

anomaly is defined as TN  [11]. In general, the size of the anomaly decreases but TN increases with 

increase in Mn concentration as expected. 

 

Figure 1: The XRD patterns for (a) (Cr84Re16)99.7Mn0.3 sample and (b) (Cr84Re16)96.9Mn3.1with the 

Bragg peaks indexed.    

 

   

 

  

 
 

 

Figure 2: The ρ(T) curves for the (Cr84Re16)100−yMny alloy system with, with (a) y = 0.3, (b) y = 0.4 

and (c) y = 3.1. The arrow indicates the position of TN for each alloy. Inset shows the temperature 

dependence of dρ(T)/dT with TN marked at the minimum.                                  
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The temperature dependence of magnetic susceptibility (χ) for the alloys with y = 0.4, 0.6, 0.8 and 3.1 

at.% Mn are shown in figure 3. At low temperatures (T < 10 K), a sharp increase in χ is observed on 

increasing T after ZFC. A prominent peak is observed close to 30 K beyond which χ rapidly decreases 

to lower values. In samples with concentrations 0.6, 0.8 and 3.1 at.% Mn, χ approaches zero above 

40K. In the FC state, there is a slower decrease in χ on increasing T up to around 30 K beyond which 

the behaviour is identical to that observed in the ZFC state except for the alloy with 3.1 at. % Mn. In 

this case, the χ values obtained in both the FC and ZFC state first increases to a maximum value 

resulting in a peak before rapidly decreasing to low χ values. These results are similar to those 

observed in Cr1−xMnx alloys [8]. Here too, it is possible to define clearly a “pinning temperature” (Tp) 

to characterize the onset of the peak. It is important to note that Tp as well as the temperature of the 

peak show no variation with y. Also, above Tp, χ shows no dependence on temperature up to 400 K. 

The peak in the temperature dependence of χ with irreversibility with respect to FC and ZFC, the 

invariance of TP with y and the invariance of χ with T above TP are all indicators of this peculiar spin-

glass state [8].  

  

  
  

 

 

Figure 3. The temperature dependence of χ for the (a) y = 0.4 (b) y = 0.6 (c) y = 0.8 and (d) y = 

3.1alloys.  

 

The new type of spin-glass effect found previously in Cr1−xMnx and (Cr + 1.3% Si)1−xMnx [7] is also 

found in (Cr84Re16)100−yMny alloys. The essence of this new type of spin-glass is the frustration of 

itinerant spins at the interfaces between AFM domains established around each Mn local magnetic 

moment [11]. Above Tp of the Mn magnetic moments, they follow the AFM domains of the AFM 

matrix. However, below Tp, the Mn moment is frozen and the AFM order has to follow it, becoming 

frustrated whenever it finds another fixed moment not pointing in the expected state. This approach 

supposes that below certain concentration of Mn, the interaction that determines the spin-glass state is  

at the boundaries of the AF SDW domains, resulting in a peculiar spin-glass that requires the existence 

of itinerant AFM matrix, contrasting with the canonical spin-glass of CuMn [14].  This is similar to 

the results reported by Li et al. [10] where the sharp downturn of the ZFC M-T curves is an indication 

of entry into the spin glass or spin frustration state having demagnetizing ferromagnetic domains that 
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are frozen below Tp and free to rotate above Tp. Figure 3 presents evidence of this behaviour where the 

pinning temperature does not depend linearly on Mn concentration below the expected 

incommensurate-commensurate transition for CrMn and CrRe. There is a strong increase of the 

magnetisation as a function of temperature for commensurate magnetic order.     

 

4.  Conclusion 

The present study was a preliminary investigation of the electronic and magnetic properties of the 

(Cr84Re16)100−yMny alloy system. Increasing the concentration of Mn leads to increase in TN as 

expected. Magnetic susceptibility curves indicate the presence of a possible spin-glass state in the 

(Cr84Re16)100−yMny system requiring the existence of itinerant AFM matrix which is different from that 

in the canonical CuMn alloy. Results need to be extended to include the tests for spin glass in order to 

confirm its presence.  
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