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Abstract. For low dopant concentrations, Fe is the only impurity atom which exhibits Pauli
paramagnetism below the Néel temperatureTN of a Cr host. A series of measurements on
Cr1−xFex and (Cr–2.7%Fe)1−xVx alloys reveal that the magnetizationM is sensitive to the
amplitude of the spin-density wave (SDW) belowTN. The Fe moment also depends on the
period of the SDW and is about 6% larger in the incommensurate than in the commensurate
SDW state. Surprisingly, the differential susceptibility dM/dH peaks at the fieldHp, which
is about 5 kOe for low temperatures and small V concentrations. WhileHp increases with
the temperature, it decreases with the V and Fe concentrations. These observations may be
explained by making the radical assumption that the rigidity of the Fe moment is broken by
its interaction with the SDW. Whereas part of the Fe moment is bound to the SDW by the
nesting free energy, the remainder experiences a weak effective field exerted by the surrounding
SDW and by the ferromagnetically coupled, nearest-neighbour pairs of Fe atoms. The peak in
dM/dH occurs when the external fieldH overcomes the antiferromagnetic field experienced
by the single Fe atoms. This model explains the temperature and doping dependence ofHp, as
well as the difference between the Fe moments in the commensurate and incommensurate SDW
hosts.

1. Introduction

Due to the close relationship between their metallic and magnetic properties, transition-metal
magnets continue to hold great interest for materials scientists. While Fe is often considered
the prototypical transition-metal ferromagnet, Cr remains the prototypical transition-metal
antiferromagnet. Although the magnetic moments of both Fe and Cr metals are generated
by electron–hole pairs in the 3d band, their magnetic properties are otherwise quite different.
One of the most intriguing and important problems in the field of itinerant magnetism is the
effect on the Fe moment of its environment [1–4]. In this paper, we study the change in the
Fe moment caused by the spin-density wave (SDW) of a Cr host. Remarkably, Fe is the
only known impurity atom to exhibit Pauli paramagnetism [5] below the Néel temperature
TN of a dilutely doped Cr alloy [6, 7]. Depending on the dopant and impurity concentration,
the SDW of Cr alloys may be either commensurate (C) or incommensurate (I) with the bcc
lattice. Through a series of susceptibility measurements on two different classes of binary
and ternary alloys, we study the effect of the SDW amplitude and phase on the Fe moment
and susceptibility. We also present a simple phenomenological model which can explain
those measurements.

The magnetic properties of Cr sensitively depend on the similar shape but slightly
different size [8] of its electron ‘jack’ and hole ‘octahedron.’ These electron and hole
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Fermi surfaces are imperfectly nested by the wavevectorsQ± = (G/2)(1 ± δ), where
G is a reciprocal-lattice vector with magnitude 4π/a. To minimize the nesting free
energy on both sides of the two Fermi surfaces [9], the actual wavevectors of the SDW at
Q′± = (G/2)(1± δ′) lie somewhat closer toG/2 with 06 δ′ < δ. For pure Cr,δ′ ≈ 0.037
[6] so the SDW is incommensurate with the bcc lattice and has a period of about 1/δ′ ≈ 27
lattice constants. Because the hole ‘octahedron’ is slightly larger than the electron ‘jack’,
alloying Cr with impurities which donate electrons to the 3d band improves the nesting and
decreases bothδ and δ′. At some impurity concentration,δ′ → 0 and the SDW becomes
commensurate with the lattice. While both Fe and Mn act as electron donors and decreaseδ′,
V acts as an electron acceptor and increasesδ′. For some ternary CrFeV and CrFeMn alloys
[10, 11], the SDW undergoes an I-to-C or a C-to-I transition as a function of temperature.
These alloys prove to be very useful for examining the effect of the SDW phase on the Fe
moment.

Since the nesting wavevectorsQ± may lie along any of the three crystal axes, there are
three sets of possible ordering wavevectorsQ′±. For pure Cr below its Ńeel temperature
of 312 K but above 122 K, the ISDW is transversely polarized with spin polarization
n̂ perpendicular toQ′±. So two polarization domains correspond to each set of SDW
wavevectorsQ′±. In the longitudinally polarized phase below 122 K,n̂ ‖ Q′± in three
distinct domains. A singleQ-state withQ′± along thez-axis can be selected [14] by
cooling through the Ńeel transition in a magnetic fieldH = H ẑ with H greater than
roughly 20 kOe or 2 T, depending on sample quality. So long as the field does not exceed
160 kOe, the SDW will remain in thisQ-state below the spin-flip transition at 122 K. For
a C alloy, the threeQ-states are replaced [15] by three domains of the spin polarizationn̂.

Though both Mn and Fe act as electron donors in a Cr host, Mn impurities are much more
effective at raising the chemical potential and lowering the incommensurability parameter
δ′. While the triple point of Cr1−xFex alloys lies at an Fe concentration of 2.4%, the triple
point of Cr1−xMnx alloys lies at the much smaller Mn concentration of 0.3%. This is usually
interpreted [7] to mean that Mn donates its extra electron to the conduction band whereas
Fe retains most of its extra two electrons within a local moment.

A great deal of the previous work [16–21] on binary Cr1−xFex alloys has concentrated
on the behaviour of the nearest-neighbour pairs of Fe moments. IfN Fe atoms are randomly
distributed with concentrationx, then the number of Fe atoms forming singles and pairs is
given by [22]

N1 = N(1− x)8
N2 = 8Nx(1− x)14.

(1)

So for an Fe concentration of 2.7%,N1/N = 80.3% of the Fe atoms are single,
N2/N = 14.7% are paired, and the rest form triplets and higher-order clusters. Susceptibility
measurements [16–18] on heavily doped CrFe alloys (x > 2.4%) indicate that the Fe atoms
within each pair are strongly ferromagnetically coupled to each other. Consequently, the
Fe pairs are only weakly affected by the SDW in the I phase [17] and not at all in the C
phase. In contrast to theN1 single Fe atoms, theN2/2 Fe pairs are easily polarized by a
magnetic field and behave like superparamagnetic entities [20].

The notion that the single Fe moment depends on the phase of the SDW was first
introduced by Friedel and Hedman [17], who tried to explain the magnetic properties [16]
of (Cr–3%Fe)1−xVx alloys. Friedel and Hedman proposed that the Fe moments are frozen in
the C phase, resulting in a constant temperature-independent susceptibility and a vanishing
Curie–Weiss (CW) constant. In the I phase, the Fe moments were expected to distort the
SDW such that each Fe atom lies close to a maximum of the spin density. The single Fe
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moments within the transversely polarized ISDW state were presumably free to rotate in the
plane perpendicular to the SDW wavevectorsQ′±. Within the longitudinally polarized ISDW
state, the spins were allowed to flip parallel to the wavevectorsQ′±. Consequently, the CW
constants in the transversely and longitudinally polarized ISDW phases were predicted to
be higher than in the paramagnetic (P) regime.

However, these ideas were motivated by measurements [16] which were not sensitive
to whether the SDW was in its C or I phase. The more precise measurements described
below indicate that the C and I valuesµ(C)A andµ(I)A of the Fe moment are only slightly
different and that both are substantially smaller than the P valueµP. Because doping with Fe
quickly suppresses the longitudinally polarized phase, no experiments have yet distinguished
the Fe moments in the transversely and longitudinally polarized ISDW states. Nevertheless,
Friedel and Hedman were correct that the Fe moment depends on the SDW phase of the
host.

Recently, Galkinet al [23] reported measurements on the class of (Cr–2.7%Fe)1−xVx

alloys. Forx = 0, the P Fe momentµP was found to be about 3.03µB. Whereas the P
momentµP(x) aboveTN is a weak function ofx [3, 4], the smaller momentµA(x) belowTN

strongly depends on the V concentration. With increasingx, the Ńeel temperature and SDW
amplitude are monotonically suppressed. About 2.5% V eliminates the SDW altogether. In
binary Cr–2.7%Fe,µA is about half the size ofµP. Doping with V diminishes the difference
1µ(x) = µP(x)−µA(x) between these two moments and1µ(x) vanishes asx approaches
2.5%. Consequently, the reduction in the Fe moment belowTN must be attributed to its
interaction with the SDW. Although (Cr–2.7%Fe)1−xVx alloys exhibit both C and I phases
over wide ranges ofx, Galkin et al did not consider the effect of the SDW phase on the
Fe moment.

As first reported by us elsewhere [24], the Fe moment is about 6% larger in the I than
in the C SDW phase. To exclude the effect of temperature on the SDW amplitude, we
measured the Fe moment in two complementary alloys, (Cr–2.7%Fe)99.71V0.29 and (Cr–
1.5%Fe)99.79Mn0.21, where the order of the C and I phases is reversed. Comparing the
susceptibilities of these two alloys allowed us to unambiguously determine the effect of the
SDW phase on the Fe moment.

In this paper, we report additional measurements on the (Cr–2.7%Fe)1−xVx alloy system
as well as new measurements on Cr1−xFex alloys. Surprisingly [23], the differential
susceptibility dM/dH peaks at a fieldHp. For small temperatures and low V concentrations,
Hp is about 5 kOe. The position of the peak increases with temperature and decreases with
the V and Fe concentrations.

For the small Fe concentrations (<4%) used in this study, magnetic remanence does not
occur [5] in binary CrFe alloys and so the observed non-linear behaviour cannot be explained
by the formation of a spin-glass. However, the observed behaviour can be explained by
making the radical assumption that the integrity of the Fe moment is broken by its interaction
with the SDW. One part of the Fe moment is assumed to be strongly bound to the SDW with
the same value as the missing Cr moment. The remainder experiences a weak effective field
produced by the surrounding SDW and by the ferromagnetically coupled, nearest-neighbour
Fe pairs. Only the second, unbound portion of the Fe moment responds to a small external
field and contributes to the CW paramagnetism belowTN. To our knowledge, this is the
first instance where the Fe moment does not behave as a single rigid entity.

Within this model, the peak in the differential susceptibility occurs when the external
field H = H ẑ overcomes the weak antiferromagnetic field exerted by the SDW on the
single Fe moments. BelowHp, the Fe moments on the↓ Cr sublattice experience a net
effective field in the−ẑ-direction. AboveHp, all of the Fe moments experience a net field
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in the +ẑ-direction. So the magnetizationM(T,H) increases rapidly in the vicinity of
the peak fieldHp. With higher V concentrations, the exchange field exerted by the SDW
becomes weaker andHp becomes smaller. The temperature dependence ofHp is caused by
the ferromagnetic coupling between the single moments and the easily polarized pairs. As
the temperature is raised, the Fe pairs become more difficult to polarize andHp increases.
As the Fe concentration grows, the effective field is strengthened by the nearest-neighbour
pairs andHp decreases. At least qualitatively, therefore, this model can explain the observed
behaviour of the magnetic susceptibility in all of the Cr alloys studied.

This paper divides into four main sections. In section 2, we present the results of
our susceptibility measurements. Section 3 describes our phenomenological model and its
consequences. Finally, section 4 contains a discussion and a conclusion. We also propose
an experiment to test the model developed in this paper.

2. Susceptibility measurements

Galkin and Fawcett [25] have previously described the preparation of the CrFe, CrFeV
and CrFeMn samples. Each sample was then characterized by measuring the temperature
dependence of its resisitivity and thermal expansion. Magnetization measurements were
performed with a SQUID magnetometer (MPMS-5S, Quantum Design) over the temperature
range 26 T 6 400 K in magnetic fields up to 50 kOe.

2.1. Low-field susceptibility

Fits to the low-field susceptibilityχ = M(T,H)/H with H = 10 kOe were made using
the expression

χ = χ0+ C

T −2 (2)

with parametersχ0, C and2. Here,χ0 is the temperature-independent susceptibility of
the Cr host, which is affected by doping through changes in the chemical potential. The
Fe momentµA is extracted from the Curie constantC = Nµ2

A/3V kB, whereV is the
volume of the alloy. In general, these expressions oversimplify the susceptibility, which
contains distinct contributions from the single and paired Fe atoms. But for the relatively
small Fe concentrations studied here, the single Fe moments dominate the susceptibility and
equation (2) should be adequate.

To determine the difference between the C and I moments, we analysed the susceptibility
of the alloys (Cr–2.7%Fe)99.71V0.29 and (Cr–1.5%Fe)99.79Mn0.21. Thermal expansion and
resistivity measurements [10, 11] were previously used to obtain the magnetic phase
diagrams of these two alloys. While the CrFeV alloy [11] exhibits an I-to-C transition
with decreasing temperature, the CrFeMn alloy [10] exhibits a C-to-I transition. For both
alloys, the C and I phases extend over fairly wide temperature ranges, which facilitates the
fits to equation (2).

The absence of anomalies in the magnetic susceptibilities indicates that the IC and CI
phase transitions are either second order or weakly first order. Independent fits of 1/(χ−χ0)

versus temperature were performed in the C and I regimes of both alloys and presented in
reference [24]. For both alloys, good results are obtained by assuming thatχ0 is the same
in the C and I phases. The moments extracted from the fits areµ

(C)
A = 2.46µB and

µ
(I)
A = 2.62µB for the CrFeV alloy andµ(C)A = 1.42µB andµ(I)A = 1.51µB for the CrFeMn

alloy. In both cases, the Fe moment is about 6% larger in the ISDW host. For the CrFeV
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sample,µ(C)A andµ(I)A are quite a bit larger than the momentµA = 2.1µB obtained by fitting
the susceptibility [23] over the whole range of temperatures from 50 to 200 K. However, the
ratio µ(I)A /µ

(C)
A ≈ 1.06 is more reliably given by these fits than the separate momentsµ

(C)
A

andµ(I)A of the C and I phases. A small decrease inχ0 would lower both Curie constants
while hardly changing the quality of the fits.

Antiferromagnetic interactions with negative Curie temperatures2 were obtained for
each alloy. In the C phase of both alloys,2 ≈ −8K. In their I phases,2 ≈ −26 K. Such
antiferromagnet interactions are consistently obtained [7] when equation (2) is used to fit
the susceptibility of dilutely doped CrFe alloys.

Figure 1. The magnetizationM versus fieldH for (Cr–2.7%Fe)1−xVx for several different
values ofx at T = 2 K. Paramagnetic alloys are denoted by P.

2.2. Nonlinear field dependence and the peak in dM/dH

Measurements on (Cr–2.7%Fe)1−xVx alloys at T = 2 K are reported in figures 1 and
2. For a fixed magnetic field, the magnetization first increases with the V concentration
within the SDW states (x < 2.5%) and then decreases withx when the alloy is paramagnetic
(x > 2.5%). The paramagnetic behaviour is caused by the suppression of the free Fe moment
[3, 4] as the number of V neighbours increases. At low temperatures, the magnetization
of all (Cr–2.7%Fe)1−xVx alloys plotted in figure 1 is a non-linear function of the magnetic
field. As interpreted by Babicet al [20], the rapid rise in the magnetization at low fields
is caused by the easily polarized pairs and clusters of Fe moments. The remainder of
the magnetization forx < 2.5% increases almost linearly with the magnetic field through
50 kOe. Babicet al [20] observed the magnetization to saturate only at very high magnetic
fields greater than 330 kOe. They attributed the linear increase in the magnetization and
the slow saturation to the single Fe moments, which are tightly constrained by the SDW.
In the next section, we provide a somewhat different interpretation of the field dependence
of the magnetization.
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Figure 2. The derivative dM/dH versusH for the same alloys and temperature as in figure 1.
The inset shows the peak fieldHp versusx.

Figure 3. The magnetizationM versus the fieldH for Cr–2.7%Fe for several different
temperatures. Paramagnetic alloys are denoted by P.

Within the SDW state, the curves for the differential susceptibility plotted in figure 2
show a well-pronounced maximum that completely disappears upon eliminating the SDW
by the addition of more than 2.5% V. The inset to figure 2 suggests that the peak fieldHp

decreases almost linearly with the V concentration.
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Figure 4. The differential susceptibility dM/dH versusH for Cr–2.7%Fe atT = 2 K.

Figure 5. The peak fieldHp versusT for Cr–2.7%Fe atT = 2 K.

As shown in figures 3 and 4 for binary Cr–2.7%Fe, the low-field magnetization and
susceptibility become more highly non-linear at lower temperatures. Yet the inset to figure 4
and the peak field plotted in figure 5 indicate that this non-linear behaviour persists up to
the Ńeel temperature of roughly 255 K. Since this alloy passes through a strongly first-order
PC transition [7], the SDW amplitude doesnot vanish as the temperature approachesTN.
The peak fieldHp is a monotonically increasing function of temperature with a maximum
value of about 28 kOe nearTN. At low temperatures,Hp tends to a non-zero value of about
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Figure 6. The (a) magnetizationM and (b) derivative dM/dH versusH for Cr1−xFex at 2 K.

3.5 kOe. We show in section 3.3 that this has important consequences for the magnetic
interactions between the pair moments.

Measurements on the Cr1−xFex alloy system atT = 2 K clearly show the effect of the
Fe pairs on the magnetization plotted in figure 6(a). Our results forM(H) are reminiscent
of the magnetization curves plotted by Babicet al [20] for x = 1 to 14.2%. However,
their measurements were not precise enough to distinguish the peak in dM/dH . For
Fe concentrations of 1 and 1.5%, the deviation from linearity shown byM(H) is very
small. But asx increases, a larger fraction of the Fe moments are paired. The non-linear
contribution of the easily polarized pairs is quite apparent in the alloys with Fe concentrations
of 2.7 and 3.7%.

Each of these alloys shows a peak in the differential susceptibility dM/dH , which is
plotted in figure 6(b). The peak shifts downwards as the Fe concentration increases. For Fe
concentrations of 1 and 1.5%, the peak in dM/dH disappears above about 100 K, which is
well below the Ńeel temperatures of those alloys. For Fe concentrations of 2.7 and 3.7%,
however, the peak only disappears aboveTN.

3. The model for the Fe moments and susceptibility

We now describe a simple model for the susceptibility of dilutely doped CrFe alloys. This
model contains four basic ingredients: (a) the division of each single Fe moment into bound
and unbound parts, (b) a weak, antiferromagnetic coupling between the unbound portion
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of the single Fe moment and the surrounding SDW matrix, (c) a ferromagnetic interaction
between the single Fe moments and the strongly coupled Fe pairs and (d) a magnetic
interaction between the pair moments. The first and main ingredient of this recipe is needed
to explain the difference between the Fe moments in the C and I SDW states. A rudimentary
prescription for the susceptibility consisting of just the first two ingredients predicts both
the peakHp in dM/dH and its doping dependence but neither its temperature dependence
nor its magnitude. Together, the first three ingredients explain the magnitude, temperature
dependence and doping dependence ofHp. But the final ingredient is still required to
understand the dependence ofHp/T on temperature. The fundamental assumption of this
model is that the maximum value of the spin due to the combined bound and unbound
portions of a single Fe moment is unchanged from aboveTN.

Certainly, this model makes no claim to be complete. The direct magnetic interaction
between the single Fe moments is ignored because it is not required to explain any of
the observations discussed in the previous section. We also ignore the effect of the single
moments on the pairs, since measurements [20] suggest that the pairs are coupled only to
each other. Nonetheless, this model contains all the essential physics needed to understand
the behaviour of dilutely doped CrFe alloys.

For zero field, related calculations have been performed by Hedgcocket al [26] and
Kelly et al [18]. But neither theory predicts any difference between the C and I moments
and neither treats the field dependence of dM/dH . In fact, reference [26] predicts that the
Fe moment increases rather than decreases belowTN.

3.1. Effective moments in zero field

Taking the SDW wavevectorsQ′± to lie along thez-axis and replacing the strongly peaked
Bloch wavefunctions by delta functions at every lattice siteR, the general form for the Cr
spin atR can be simply written as [27]

Sc(Rz) = (−1)2Rz/an̂αsg(T ) cos

(
2π

a
δ′Rz + θ

2

)
(3)

wherea is the lattice constant of the conventional bcc unit cell,n̂ is the spin polarization,
αs is a constant andg(T ) is the temperature-dependent order parameter. In the ISDW
state, the phaseθ is arbitrary but in the CSDW state withδ′ = 0, θ = π/2. Hence, the
amplitudes of the I and C SDWs are given byαsg(T ) andαsg(T )/

√
2, respectively. So

across a second-order IC phase transition with the same order parameterg on both sides,
the SDW amplitude drops by a factor of 1/

√
2 but the rms magnetic moment is continuous.

For the C phase at low temperatures [7], the magnetic moment of Cr is approximately 0.8µB

so the CSDW amplitude is given byαsg(0)/
√

2 ≈ 0.4. Infrared reflectivity measurements
[6] in the C phase indicate that the energy gap 2

√
2g(0) induced by the formation of the

SDW is about 380 meV.
The magnetic moments of both Fe and Cr metals consist of d-band electron–hole pairs.

Above the Ńeel temperature, an Fe atom within a Cr–2.7%Fe alloy has an effective magnetic
moment ofµP = 2µB

√
s(s + 1) ≈ 3.03µB. Ignoring the contributions of the Fe pairs, this

corresponds to a spins close to 1.095. Below the Ńeel temperature, some of the d-band
electrons on the Fe atom join the electron–hole condensate of the SDW and generate a
spinSc(Rz) equal to the missing Cr spin. Each such electron is bound to the SDW by the
condensation energy of 380 meV. As suggested by the rather large Fe concentration at the
triple point, the conduction-band electrons donated by the Fe impurities raise the chemical
potential very little compared to its value in the absence of Fe doping. The remaining Fe
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Figure 7. A schematic representation of the Fe moment within the (a) C or (b) I SDW states.
Only s′ contributes to the CW paramagnetic susceptibility.

d-band electrons remain localized at the Fe site to generate a local moment with spins ′,
which is sketched in figure 7. Because this component is only weakly coupled to the SDW,
it responds to an external field and is responsible for the CW paramagnetism of dilute alloys
below TN.

We now assume that the maximum number of electron–hole pairs on each Fe atom is
the same as aboveTN. For an itinerant antiferromagnet, the number of electron–hole pairs
is proportional to the SDW amplitude. So averaged overz, the effective spins ′ of the single
Fe moment is given bys ′ = s − sc, wheresc ≡ 〈|Sc(Rz)|〉. Hence, the maximum value of
the spin at any Fe site due to the combined bound(|Sc(Rz)|) and unbound(s ′) portions of
the Fe moment is assumed to be unchanged from its values aboveTN. With the definition
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sc = γαsg, we find that

γ = δ′

a

∫ a/δ′

0

∣∣∣∣cos

(
2π

a
δ′z+ θ

2

)∣∣∣∣ dz (4)

equals 2/π for the I phase and 1/
√

2 for the C phase. Since 2/π ≈ 0.637 < 1/
√

2,
the effective momentµA = 2µB

√
s ′(s ′ + 1) is slightly larger in the I phase than in the C

phase. There is no predicted difference between the Fe moments within the transversely
and longitudinally polarized ISDW phases.

Because the IC and CI phase transitions are second order or weakly first order,
αsg ≈ 0.4

√
2 is taken to be the same on both sides of each transition. Consequently,

we find thatµ(I)A = 2.26µB, µ(C)A = 2.17µB, andµ(I)A /µ
(C)
A ≈ 1.04. Hence, the I moment

is about 4% larger than the C moment. This ratio may be further enhanced by the gradual
reduction in the I amplitudeαsg (see, for example, references [12, 13]) and the resulting
growth in the I momentµ(I)A as the alloy passes deeper into the I phase. A 5% decrease of
the SDW order parameter on the I side of the phase transition would explain the remaining
2% enhancement ofµ(I)A /µ

(C)
A observed in the experiments described in section 2.1.

Both µ(I)A andµ(C)A are smaller than the fitted values for the CrFeV alloy and larger
than the fitted values for the CrFeMn alloy. Several factors can account for the observed
differences in the Fe moments for those two alloys: impurity scattering, shifts in the chemical
potential and variations in the local Fe environment. Within our simple model,sc and s
are the only free parameters and cannot accommodate all of these effects. In any case, the
experimentally fitted moments are generally less dependable than the ratioµ

(I)
A /µ

(C)
A , which

is close to the predicted value.
This model naturally explains the change in the effective momentsµ

(I)
A andµ(C)A with

doping. As the V concentration increases in the (Cr–2.7%Fe)1−xVx alloy system [23], the
order parameterg is suppressed and bothµ(C)A and µ(I)A approach the P valueµP. For
temperatures below 0.9TN, g(T ) is relatively constant, soµ(C)A andµ(I)A are not sensitive
functions of temperature.

Notice that the effective Fe moment in the I phase is larger than the C moment only if the
Fe atoms are randomly distributed within the SDW. If the Fe atoms deform the SDW with
the result that most lie at sites with a large spin density, as posited by Friedel and Hedman
[17], thenµ(I)A would be less thanµ(C)A . If, on the other hand, most of the Fe atoms lie
close to the nodes of the SDW, then the ratioµ(I)A /µ

(C)
A would be substantially greater than

measured. So our results suggest that the Fe impurities are not very effective in distorting
the SDW of the host. This conjecture is supported by neutron-scattering measurements [21],
which indicate that Fe impurities do not perturb the moments of the surrounding Cr atoms
in a C alloy.

3.2. Field dependence of the magnetization

To describe the field dependence of the magnetization, the unbound portion of the single
Fe moment is coupled antiferromagnetically to the SDW matrix and ferromagnetically to
the pair moments. For ease of exposition, we consider the case of a CSDW state with Cr
spin sc. This formalism can be easily adapted to the ISDW state by imposing the general
relationss ′ = s − sc andsc ≡ 〈|Sc(Rz)|〉.

As discussed in the introduction, the six domains of the transversely polarized ISDW
correspond to the three possible orientations of the wavevectorsQ′± and the two possible
polarizations of the spin for eachQ-state. Several experimentalists [14, 28, 29] have
investigated the effect of a magnetic field on the domain populations belowTN. As expected
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for an antiferromagnet withχ‖ < χ⊥, a magnetic field in thêz-direction flips the spins into
one of the two crystal axes normal to(001). In the transversely polarized ISDW phase,
the spins may lie along one of the two axes perpendicular to the wavevectorsQ′±. A
magnetic field withH ⊥ Q′± reversibly switches the spins into the direction normal to
bothH andQ′±. For the longitudinally polarized ISDW phase, the spins lie parallel to the
SDW wavevectors. A strong magnetic field withH ‖ Q′± then irreversibly flips the SDW
wavevectors and the spins to one of the crystal axes normal toH. Unfortunately, little
is known [15] about the field dependence of the polarization domains in the CSDW phase
because all three domains have the same magnetic peak atG/2.

In any SDW domain, the unbound portion of the single Fe moment experiences an
exchange fieldHex in the direction of the missing Cr moment. This field has two origins.
The first is the antiferromagnetic interaction of the unbound Fe moment with its eight Cr
neighbours. The second is the local Hund’s rule coupling at the Fe site, which favours the
samez-component of the total spin as aboveTN . Both mechanisms favour aligning the
bound and unbound portions of the single Fe moment.

The effective field experienced by an Fe moment in the presence of an external magnetic
field H = H ẑ depends on the domain of the SDW. Consider first a polarization domain
with spin parallel toẑ. If the magnetic moment of the missing Cr atom at the Fe site is
µc = 2µBsc and the average magnetic moment of each Fe pair isµ2, then the mean fields
experienced by the Fe moments on the up and down sublattices are

H
↑
eff = H + J0µc+ J1µ2

H
↓
eff = H − J0µc+ J1µ2

(5)

whereJ0 andJ1 are coupling constants. In one of the two other polarization domains with
spin perpendicular tôz, the Fe moments on the two sublattices experience effective fields
with the same magnitude of

H⊥eff =
√
(H + J1µ2)2+ (J0µc)2 (6)

and at angles of± tan−1(J0µc/(H + J1µ2)) to the z-axis. For any spin polarization, the
exchange field produced by the SDW at the Fe site isHex = J0µc.

Defining the normalized magnetizationm2 = µ2/2µB of the pair moments, the mean-
field relations for the normalized magnetizationm1 = µ1/2µB of a single moment in parallel
and perpendicular domains are given by

m
‖
1 =

1

2
s ′
{
Bs ′
(
β ′s ′(H ′ + sc+ ηm2)

)+ Bs ′(β ′s ′(H ′ − sc+ ηm2)
)}

(7)

m⊥1 = s ′
H ′ + ηm2

H ′⊥eff

Bs ′
(
β ′s ′H ′⊥eff

)
(8)

whereBs(x) is the Brillouin function. The above relations introduce the dimensionless
variablesH ′ = H/2µBJ0, H ′⊥eff = H⊥eff/2µBJ0, T ′ = T/4µ2

BJ0 and η = J1/J0. When
m2 = 0 and the temperature is sufficiently large, equations (7) and (8) reduce to
2µBm

‖
1 = 2µBm

⊥
1 = (2µB)

2s ′(s ′ + 1)H/3T , as expected from the CW law.
Including the magnetic interaction between the pairs with couplingJpr = κJ0, the pair

moments have magnetization

m2 = s2Bs2
(
β ′s2(H ′ + κm2)

)
(9)

where s2 is the effective spin of an Fe pair. In the C phase, the pair moment is totally
decoupled from the SDW ands2 = 2s. A small interaction with the SDW persists in the I
phase [17], sos2 is slightly less than 2s.
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The differential susceptibilities of the single moments are given in dimensionless units
by

χ ′1
‖ = dm‖1

dH ′
= 1

2
β ′s ′2

(
1+ ηχ ′2

){
B ′s ′
(
β ′s ′(H ′ + sc+ ηm2)

)+ B ′s ′(β ′s ′(H ′ − sc+ ηm2)
)}
(10)

χ ′1
⊥ = dm⊥1

dH ′
= s ′

(
1+ ηχ ′2

){ s2
c

H ′⊥3
eff

Bs ′
(
β ′s ′H ′⊥eff

)+ β ′s ′(H ′ + ηm2

H ′⊥eff

)2

B ′s ′
(
β ′s ′H ′⊥eff

)}
(11)

whereB ′s(x) = dBs(x)/dx. Finally, the susceptibility of the pairs is given by

χ ′2 =
dm2

dH ′
= β ′s2

2

B ′s2
(
β ′s2(H ′ + κm2)

)
1− β ′κs2

2B
′
s2

(
β ′s2(H ′ + κm2)

) (12)

with a Curie temperature of2 = (4/3)µ2
BJprs2(s2 + 1) and an effective pair moment of

2µB
√
s2(s2+ 1).

Clearly, bothη and κ are functions of the Fe concentrationx. As x increases, the
fractionN2/N1 ∝ x of Fe moments in pairs grows, so the couplingη > 0 between the pairs
and singles must also increase. Unlikeη(x), the couplingκ(x) between the pair moments
may not be a monotonic function ofx. Depending on the magnetic interactions between
the Fe pairs,κ can be either positive (F interactions) or negative (AF interactions).

3.3. The peak in dM/dH

Examination of equation (10) forχ ′1
‖ immediately reveals the origin of the peak in dM/dH .

In low fields, the Fe moments on the↓ sublattice experience an effective field in the−ẑ-
direction. As the external fieldH ′ exceedssc − ηm2, the Fe moments on both sublattices
experience an effective field in the+ẑ-direction and the magnetization quickly increases.
Consequently, the peak in dM/dH is generated solely by the SDW domains withn̂ ‖ H.
But as mentioned above, the relative population of the‖ and⊥ domains is expected to
change as the field increases. A thermal-activation model was developed by Werneret al
[14] to explain the field dependence of the domain populations in the ISDW phase of
pure Cr. The energyE‖ or E⊥ of a domain with volumeδV depends on whether the
spin lies parallel or perpendicular to the external field. For pure Cr, the susceptibilities
χ‖ and χ⊥ may be taken to be independent of the field and the domain energies are
given byE‖ = −χ‖H 2 δV/2 andE⊥ = −χ⊥H 2 δV/2. Assuming that the thermal barrier
between domains is sufficiently low, the domain populations may be considered to be in
thermal equilibrium. Measurements [29] suggest that the average domain volumeδV lies
between 10−15 and 10−16 cm3. Despite its simplicity, the thermal-activation model has been
remarkably successful at predicting a variety of physical properties.

For CrFe alloys, however, the field-dependent susceptibilitiesχ ′1
‖ and χ ′1

⊥ of the Fe
moments are usually much larger than the susceptibilities of pure Cr. This can be verified
from figure 6(b), where the susceptibility of Cr1−xFex increases quite rapidly with the
Fe concentration. Consequently, the thermal-activation model is much more difficult to
implement for CrFe alloys than for pure Cr. In addition, the model has never been applied
to the polarization domains of the CSDW phase, which is stabilized by Fe doping.

To avoid these difficulties, we shall assume that the three polarization domains of the
CSDW phase are equally populated. Then the normalized magnetization and susceptibility
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averaged over the single and pair Fe moments are

m = N1

3N

{
m
‖
1+ 2m⊥1

}
+ N2

2N
m2 (13)

χ ′ ≡ dm

dH ′
= N1

3N

{
χ ′1
‖ + 2χ ′1

⊥}+ N2

2N
χ ′2. (14)

Hence, the magnetization and differential susceptibility per Fe atom are given byM = 2µBm

and dM/dH = χ ′/J0. Because we have only evaluated the contributions of the single
and pair moments, these expressions do not include the magnetization and susceptibility
of the Fe atoms in triplets and higher-order clusters. For an Fe concentration of 2.7%,
N −N1−N2 ≈ 0.05N of the Fe impurities belong to such clusters.

We define the peak fieldH ′p as the maximum in the‖ susceptibilityχ ′1
‖
(H ′). This

peak may be slightly shifted or even hidden by the⊥ and pair contributions to the total
susceptibility. But the calculatedHp does not depend on the relative populations of the‖
and⊥ domains.

A ‘bare-bones’ model forχ ′ may be constructed by settingη = 0 and ignoring the
interaction between the single and pair moments. For low temperatures, the‖ susceptibility
then peaks atH ′p = sc. Doping with V suppresses the SDW amplitudesc, soHp decreases
with the V concentration in (Cr–2.7%Fe)1−xVx alloys. As the temperature increases, the
peak inχ ′1

‖
(H ′) eventually disappears. From equation (10), we find that the peak remains

so long asB ′′s ′(β
′s ′sc) > 0 or T ′ < 1.25s ′sc. Consequently, the peak disappears above the

temperatureTmax≈ 5µ2
BJ0scs

′. Since the observed peak in Cr1−xFex alloys with x 6 1.5%
survives up to about 100K, we estimate that 5µ2

BJ0s
′sc ≈ 100 K or 9 meV. Unfortunately,

this implies thatHp = 2µBJ0sc ≈ 660 kOe (withαsg = 0.6µB [6] and sc = 0.19), which
is roughly 70 times too large atT = 2 K.

Once the single and pair moments are ferromagnetically coupled, the effective field
experienced by the single Fe moments is greatly enhanced. For low fields,m2 ≈ χ ′2H ′. So
in the limits s ′sc� T ′ � s2H

′
p, H ′p would be given exactly by

H ′p =
sc

1+ ηχ ′2
(15)

which may be quite a bit smaller thansc. We first assume that the pair moments do not
interact with one another so thatκ = 0 and2 = 0. As T ′ → 0, χ ′2→ s2(s2 + 1)/3T ′ and
H ′p/T

′ approaches a constant. For Cr–2.7% Fe at 2 K,H ′p/T
′ = 2µBHp/T is about 0.27.

To approach this limit withsc = 0.4 ands2 = 2.2, we require thatη = 0.66.
The results of this model withs = 1.1, s2 = 2.2, η = 0.66, κ = 0 and an Fe

concentration of 2.7% are presented in figures 8–11. In figure 8, we plot the magnetization
m(H ′) versus fieldH ′ for five different values of the SDW amplitude withT ′ = 0.05. The
maximum value ofsc ≈ 0.4 orµc ≈ 0.8µB is achieved in the C phase at low temperatures.
For higher V concentrations or smaller values ofsc, the unbound portion of the Fe moment
is more weakly constrained by the SDW and responds more readily to the external field.
In contrast to Babicet al [20], who attributed the rapid rise of the magnetization at low
fields to Fe pairs and clusters, we find that the magnetization belowHp is dominated by
the contribution of Fe singles in⊥-spin domains. AboveHp, both‖- and⊥-spin domains
make roughly the same contribution to the magnetization.

As suggested by equation (15) and plotted in the inset to figure 9,H ′p increases almost
linearly with the SDW amplitude. But forT ′ = 0.05, this linear dependence breaks down
below sc ≈ 0.07 andH ′p → 0 as sc → 0.04. Although equation (15) still applies for

sc = 0.1, the small peak inχ ′1
‖ at H ′p is hidden by the other contributions to the total
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Figure 8. The average magnetizationm per Fe atom versusH ′ for T ′ = 0.05, η = 0.66, κ = 0,
s = 1.1, s2 = 2.2, an Fe concentration of 2.7% and five different values of the SDW amplitude
sc.

Figure 9. The differential susceptibilityχ ′ = dm/dH ′ versusH ′ for the same parameters as in
figure 8. The inset shows the peak fieldH ′p of χ ′1

‖
(H ′) versus the SDW amplitudesc.

susceptibilityχ ′ in figure 9. Recall that for (Cr–2.7%Fe)1−xVx alloys,Hp was observed to
depend almost linearly on the SDW amplitude through the V concentrationx in figure 2.

Fixing sc = 0.4, we plot the magnetization and susceptibility versus the field for five
values of the temperature in figures 10 and 11. When the field exceedsHp, the Fe moments
on the↓ sublattice experience an effective field in the+ẑ-direction and the magnetization
increases rapidly. At lower temperatures, the pairs of Fe moments are more easily polarized
by the external field. So with decreasing temperature, the pair moments augment the
effective field experienced by the single moments. Consequently, the magnetization becomes
a steeper function of field, the peak in dm/dH ′ becomes more pronounced, andHp becomes
smaller, just as observed in figures 3, 4 and 5 for Cr–2.7%Fe.

Becauseη(x) is a monotonically increasing function of the Fe concentrationx,Hp grows
as the Fe concentration is diminished. Along with the disappearance of the single Fe atoms,
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Figure 10. The average magnetizationm per Fe atom versusH ′ for sc = 0.4 and five different
temperatures. The other parameters are the same as in figure 8.

Figure 11. The differential susceptibilityχ ′ = dm/dH ′ versusH ′ for the same parameters as
in figure 10.

the magnetization vanishes and the susceptibility approaches the temperature-independent
constantχ0. Since the ISDW amplitudeαsg ≈ 0.6µB is about half the size of the CSDW
amplitudeαsg ≈ 0.8

√
2µB [7], Tmax is much smaller in I alloys with Fe concentrations of

1 and 1.5%. These results explain the behaviour of the magnetization and susceptibility
plotted in figure 6 for Cr1−xFex alloys.

In the absence of any direct interaction between the pair moments,χ ′2 is propor-
tional to 1/T ′ at low temperatures. So as implied by equation (15) and plotted as
the solid curve of figure 12,H ′p ∝ T ′ and H ′p/T

′ approaches a constant asT ′ → 0.
However, the measurements plotted in figure 5 for Cr–2.7%Fe indicate thatHp approaches
a non-zero value of about 3.5 kOe asT → 0. Consequently, the experimental values
of H ′p/T

′ = 2µBHp/T plotted in the inset to figure 12 increase quite rapidly at low
temperatures.

This behaviour may be recovered by allowing the pair moments to interact. When the
interactions between pairs are ferromagnetic with a positive Curie temperature2 > 0,Hp/T

vanishes asT → 2+. But when the interactions are antiferromagnetic with a negative Curie
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Figure 12. The functionH ′p/T ′ versusT ′ for three values of2′ with the other parameters the
same as in figure 10. The inset shows the experimental values ofH ′p/T ′ = 2µBHp/T for the
Cr–2.7%Fe alloy.

temperature2 < 0,Hp/T diverges asT → 0. Strictly speaking, our expression for the pair
susceptibility is only valid in the non-ordered regime above the antiferromagnetic ordering
temperature of the Fe pairs. Nonetheless, figure 12 implies that the interaction among
the pair moments must be antiferromagnetic in order to explain the observed temperature
dependence ofHp/T .

Antiferromagnetic interactions with negative Curie temperatures were also obtained
from the fits to the low-field susceptibilities of CrFeV and CrFeMn alloys in section 2.1.
Our work suggests that these antiferromagnetic interactions are produced by the Fe pairs.
The experiments summarized by Fawcettet al [7] reveal that the Curie temperature2
increases with the Fe concentration and that the interactions become ferromagnetic for
Fe concentrations above about 4%. So with increasing Fe concentration, the interactions
between the Fe pairs and clusters become ferromagnetic.

Conspicuously absent from this model are the direct interactions between the single Fe
moments. Although undoubtedly significant, such interactions are not required to explain
the behaviour of the peak fieldHp as a function of doping or temperature. In the absence
of any coupling between the single and pair moments, direct interactions among the single
moments cannot explain the observed temperature dependence ofHp. For example, if the
single moments were coupled by the interactionJs = λJ0, then the susceptibility would
peak atH ′p = sc−λm1. But this peak closely coincides with the magnetizationm1 ≈ 0.5s ′,
when the↑ sublattice is totally polarized and the↓ sublattice has an average magnetization
close to 0. So if the single moments interacted only among themselves,H ′p ≈ sc − λs ′/2
would be roughly independent of temperature.

4. Discussion and conclusion

This paper has reported magnetization measurements on a series of Cr1−xFex and (Cr–
2.7%Fe)1−xVx alloys. Peaks in the differential susceptibility dM/dH were found at low
temperatures in the SDW state of every alloy studied. In all cases, the peak disappears
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upon suppression of the SDW by V doping or by heating above the Néel temperature.
Measurements suggest that the peak fieldHp is an almost linear function of the V
concentration. The position of the peak also decreases with the Fe concentration and
increases with the temperature.

Crucial to the success of the model developed in section 3 is the coupling between the
single and pair moments. For external fields less thanHp, the unbound portion of each
single Fe moment is tightly constrained by the SDW. If the single and pair moments were
decoupled, thenHp would be identical to the exchange fieldHex = 2µBJ0sc. In the C phase
with sc = 0.4, the ‘unbound’ portion of the Fe moments would then be rigidly clamped by
the SDW up to a field of aboutHex ≈ 1400 kOe. Due to the coupling between the single
and pair moments, an external field of less than 30 kOe can easily depin the unbound part
of the single Fe moment.

The presence of superparamagnetic pairs may distinguish CrFe alloys from CrV, CrRu
and CrCo alloys, which exhibit CW paramagnetism [7] above but not belowTN. Due
to the absence of superparamagnetic pairs in those other alloys, the ‘unbound’ portion
of the impurity moment may be tightly constrained by the SDW matrix up to very high
external fields of order 1000 kOe. Consequently, the local moments do not appear in
susceptibility measurements. Of course, our phenomenological model cannot reveal why
superparamagnetic pairs form in CrFe alloys but not in those other systems. One possibility
is that the nearest-neighbour coupling between impurity moments is antiferromagnetic in
CrV, CrRu and CrCo alloys.

Clearly, the division of the impurity moment into bound and unbound parts in the
relation s = s ′(R) + |Sc(R)| only makes sense when the impurity spins is larger than
|Sc(R)|. Whens < |Sc(R)|, we expect the unbound parts ′(R) of the impurity moment to
vanish. For the bound part of the impurity moment, there are two possibilities: either the
bound moment will be suppressed compared to|Sc(R)| or the full momentSc(R) will be
preserved by the tunnelling of electron–hole pairs from the surrounding Cr atoms.

Not surprisingly, our model for CrFe alloys fails at high fields, when the bound portion of
the Fe moment breaks free from the SDW matrix. Measurements [23] on (Cr–2.7%Fe)1−xVx

confirm thatµA increases with field and approaches its P value for large fields above
50 kOe. In reference [23], the peak in dM/dH was attributed to the release of the bound
Fe moment with field. However, the susceptibility measurements reported in section 2.1
indicate that the Curie constant of Cr–2.7%Fe does not change over the temperature range
50 K < T < 250 K. This implies that the condensation energy gained by the bound Fe
moment is at least twice the size of the energy 4µ2

BJ0scs
′ ≈ 11 meV constraining the

unbound portion of the Fe moment in a C host. So it seems unlikely that the bound part of
the Fe moment makes any significant contribution to the low-field susceptibility.

As seen in figure 10 forT ′ = 0.01 or T ≈ 4.7 K, the magnetization is predicted to
saturate at a field of aboutH ′ = 0.02 orH ≈ 70 kOe. But measurements by Babicet al
[20] reveal that the magnetization atT = 4.2 K has not yet saturated at a field of 330 kOe.
This strongly suggests that the depinning of the bound Fe moments is responsible for the
slow saturation of the magnetization.

Near the peak fieldHp at low temperatures, the‖ susceptibility is quite a bit larger
than the⊥ susceptibility, which raises an interesting possibility. Suppose that an I
Cr1−xFex alloy is zero-field cooled through the Néel transition into the superposition of
three different, transversely polarizedQ-states. As the field is raised throughHp at low
temperatures, the neutron-scattering signal of theQ-state withQ′± ‖H andn̂ ⊥H should
disappear. For Cr alloys that do not contain local moments belowTN, exactly the opposite
is expected: the domains withQ′± ⊥ H should be suppressed [14] upon application of a
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strong magnetic field.
This model makes no distinction between the effective Fe moments in the transversely

and longitudinally polarized ISDW phases. Because Fe impurities quickly suppress the
longitudinal ISDW phase [7], the difference between the transverse and longitudinal
moments has not yet been tested experimentally. It would be interesting to perform such
measurements on dilutely doped Cr1−xFex alloys with x < 1%.

Some discrepancies remain between theory and experiment. Mössbauer measurements
[30] indicate that the exchange fieldHex exerted by the SDW on the Fe moments is about
225 kOe, independently of the Fe concentration and of the SDW phase! By contrast, the
predicted exchange fieldHex = 2µBJ0sc sensitively depends on the SDW phase through the
amplitudesc. In the C phase,Hex ≈ 1400 kOe is substantially larger than the Mössbauer
result. Additional M̈ossbauer measurements may be needed to resolve this disagreement.

It is important to bear in mind that Fe impurities may have other important effects on
the Cr host. The RKKY interaction between the unbound portion of the Fe moment and the
d-band electrons may enhance [27] the charge-density wave (CDW) observed in pure Cr
[6] below TN. Jiang and Fishman [27] argue that the strongly first-order PC transition [7]
in Cr1−xFex alloys with x > 2.4% is associated with the growth of the ICDW amplitude
with Fe doping. As the ICDW amplitude increases, the C phase is favoured over the I
phase and the triple point moves towards larger values of the nesting parameterδ. So even
without donating electrons to the d band, Fe impurities would still act like electron donors
by stabilizing the C phase at high concentrations.

Together, the experimental measurements and phenomenological model described in this
paper present a radically new picture for the Fe moment in a Cr host. In contrast to previous
authors [20], we have argued that the single moments are only partly constrained by the
SDW matrix and play a crucial role in the magnetic susceptibility at low fields. Hopefully,
this work will motivate other experimentalists and theorists to continue to explore the physics
of this fascinating system.
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