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On the basis of first-principle simulations of interatomic magnetic exchange interactions, we show that
the transition from antiferromagnetic order in Ru;MnGe to ferromagnetic order in vanadium substituted
RupMnj_xVxGe is due to a progressive increase of the first-nearest neighbor (NN) ferromagnetic coupling
between Mn atoms. The revealed mechanism is quite unusual since commonly one would expect, and
indeed it has been proposed earlier, that the transition scenario is due to the suppression of some
relevant interactions by the non-magnetic substitution or chemical disorder effects. Here, using our ab-
initio calculated exchange parameters and performing finite temperature Monte Carlo statistical simu-
lations on a disordered lattice, we describe the experimental magnetic phase diagram for the full range of
vanadium concentrations, including the variation of the ordering temperature and the onset of finite
magnetization in the ground state. Since the observed changes in the Mn—Mn magnetic interactions are
continuous with increasing V content, we argue that there is a threshold concentration of V substitutions
where the critical fluctuations associated with frustration effects on the fcc lattice could be studied

experimentally.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The transition between ferromagnetic (FM) and antiferromag-
netic (AFM) ordering upon the change of some external parameter
(pressure, applied field, temperature) attracts considerable interest
in the field of magnetism due to the possibility of the fine tuning of
the material properties, the investigation of magnetic frustration
effects, quantum criticality and a variety of other properties related
to the magnetic instabilities. One of the prominent examples is the
FM-AFM transition in FeRh alloys, which leads to a huge magneto-
caloric effect resulting in intensive experimental and theoretical
studies during the recent decade [1—4]. The occurrence of the FM-
AFM transition in this material is highly sensitive to the stoichi-
ometry and alloy disorder [5]. It seems that the ferromagnetic state
in this material becomes stabilized due to the high magnetic po-
larization of itinerant Rh, which does not possess an intrinsic
magnetic moment, whereas the exchange interactions between the
localized magnetic moments of Fe tend to stabilize the AFM state
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[1,4]. Metallic alloys close to FM-AFM transitions attract nowadays
also a considerable practical interest due to their potential appli-
cations in electronics as materials for fast magnetic recording.
The mechanisms driving an AFM or FM compound to AFM-FM
transition may be rather different. Usually it is achieved by
substituting a magnetic element with another one, which in-
troduces a strong exchange coupling of opposite sign as compared
to the magnetic matrix. A well known example is the spin-spiral
antiferromagnet MnAu; [6], which became of interest recently
[7,8], since the substitution of a small amount of Fe for Mn may
drive system to a ferromagnetic ground state [9]. On the basis of ab-
initio calculations it has been confirmed that Fe has a very strong
FM interaction with their neighboring Mn moments changing the
energy balance towards the FM state [10]. The other examples and
first-principles studies of the AFM-FM transition caused by sub-
stitutions, specifically in some half-Heusler alloys, can be found in
Refs. [11,12]. It more or less obvious that if an FM (AFM) interme-
tallic compound, say X,Yp, ... (where X is a magnetic element) is
soluble with another magnetic element X such that X'nYp ... is
AFM (FM), one can expect to find a critical region of the concen-
tration of X, where the alloy (X,X')nYm goes through an FM-AFM
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(AFM-FM) transition.

Another more complex source for the AFM-FM instability may
be magnetic disorder. Beside the well-known case of FeRh, an
interesting example is the full Heusler alloy NioMnAl, which is
ferromagnetic in the fully ordered state, but gradually turns into the
antiferromagnetic state upon increasing the chemical disorder
between the Mn and Al sites [ 13]. First-principles analyses revealed
that the mechanism of this transition is a competition of the FM
coupling between the Mn moments on proper sites and the AFM
coupling between proper Mn sites and Mn anti-sites on the Al
sublattice [14,15].

The AFM-FM transition might occur also due to more subtle
effects related to a reconstruction of the electronic structure caused
by applied pressure or by substituting a non-magnetic element into
the system. In this case it is often not easy to guess the relevant
mechanism without ab-initio based studies. Moreover, systems in
the vicinity of AFM-FM instability might develop critical fluctua-
tions associated with a quantum phase transition.

In this work we present a study of the microscopic mechanism
of the recently discovered AFM-FM transition [16] in the full
Heusler alloy Ruy(Mn_xVyx)Ge, where the transition occurs upon
doping with non-magnetic vanadium atoms into the originally
antiferromagnetically ordered alloy Ru;MnGe with a Néel tem-
perature of 316 K [15] just above room temperature. This finding
was not obvious since vanadium is soluble in the Heusler structure
Ruy(Mnj_xVy)Ge over the full composition range from x = 0.0 to
X = 1.0 and for x = 1.0 the compound Ru;VGe has an ordinary
paramagnetic ground state [16]. Below the critical V concentration,
x = 0.3—0.4, the Néel temperature decreases with V doping, above
this concentration in the ferromagnetic state one observes an in-
crease of the Curie temperature up to x = 0.5, followed by a gradual
decrease until the disappearance of the magnetic order around
x = 0.8 [16]. The original interpretation of this non-monotonous
behavior has been based on the assumption that vanadium atoms
concentrate in certain [111] planes and strongly decrease the sec-
ond nearest neighbor antiferromagnetic coupling between the Mn
moments, which stabilizes the 2nd kind antiferromagnetic ground
state on the Mn fcc sublattice. Later the problem of the evolution of
magnetism in Rupy(Mnj_xVx)Ge alloys has been studied using
synchrotron-based Compton scattering experiments [17]. It was
found that the vanadium substitution induces changes in the
electronic structure and the topology of the Fermi surface, which
presumably decreases indirect AFM and enhances direct FM d-
d exchange [17]. Recently, we studied [18] the exchange in-
teractions between localized Mn moments in the high temperature
paramagnetic state for the whole series of Ru,MnX with X = Si, Ge,
Sb, and Sn and found the importance of the long-range interactions
(beyond first- and second NN shells) for a proper explanation of the
experimental Néel temperature in this series and for that of effects
of magnetic frustration. However, the question of how the non-
magnetic vanadium influences the Mn—Mn exchange interactions
remained open.

Magnetic Heusler alloys in general are subject of intensive
studies during the past few decades due to both their importance
for modern technology and for a fundamental understanding of
magnetism [19—21]. In particular, the inter-atomic exchange in-
teractions and a variety of underlying microscopic mechanisms
responsible for them have intensively been investigated for Heusler
alloys with local atomic moments (e.g. see Ref. [22]). The experi-
mentally established pronounced phenomena like AFM-FM tran-
sition or non-monotonous variation of the Curie temperature of
Ruy(Mnq_xVy)Ge [16,17] provides an excellent opportunity to test
the state-of-the-art ab-initio methodologies and our general un-
derstanding to describe magnetism in metallic alloys at finite
temperatures.

We calculate the distant inter-atomic exchange interactions
between localized Mn moments in the high temperature para-
magnetic state of Rup(Mn;_4Vx)Ge using ab-initio methods (see
Methodology section) based on the Green Function formalism and
Local Spin Density Approximation (LSDA) [21] taking into account
the effects of chemical disorder on the Mn—V sublattice in the
whole concentration range x = 0.0—1.0. Then we perform Monte-
Carlo simulations on a disordered lattice with a Heisenberg
Hamiltonian to construct the magnetic phase diagram of
Ruy(Mnj_xVx)Ge. We find that approach predicts a stabilization of
the ferromagnetic ground state as well as the increase of the Curie
temperature in the interval x = 0.4—0.5 followed by a vanishing
total magnetization. The mechanism of the stabilization of the FM
state and other experimentally observed properties are revealed
and discussed in detail in section “Results and Discussion”.

2. Methodology

Our first principles investigation is based on the Local Spin-
Density Approximation and the Korringa-Kohn-Rostoker (KKR)
method in Atomic Sphere Approximation (ASA) [23,24]. The
experimental lattice constants of the L2 full Heusler structure of
Ruy(Mnj_xVx)Ge as provided in Ref. [16] has been used during the
calculations. The electronic structure calculations were converged
with 2109 nonequivalent k-points in the irreducible wedge of
Brillouin zone (IBZ) and around 10* k-points in IBZ were used to
derive magnetic exchange interactions. The partial waves in the
KKR-ASA calculations have been expanded up to lng=3 (spdf —
basis) inside the atomic spheres, with an equal radius of the ASA
spheres for all non-equivalent atomic sites.

Atomic disorder within the Mn—V sub-lattice has been treated
in the framework of the single-site coherent potential approxima-
tion (CPA) [24]. The CPA has been also used to model the high-
temperature paramagnetic state above the magnetic ordering
temperature in the framework of the Disordered Local Moment
(DLM) scheme [25].

The magnetic exchange interaction constants, Ji, of the classical
Heisenberg Hamiltonian:

H=- Y Jjeie; (1)

ije{Mn}

where €; is the unit directional vector of magnetic moment at the
i-th site of the Mn sublattice, calculated using the magnetic force
theorem [26] implemented in the bulk Korringa-Kohn-Rostokker
band structure method as described in Ref. [27]. The exchange
constants were derived from the Disordered Local Moment (DLM)
reference state [25].

Subsequently, we performed Monte Carlo simulations with the
Hamiltonian (1) on a cluster of 4096 Mn atoms (14 x 14 x 14
primitive cells of the underlying magnetic fcc lattice) employing
periodic boundary conditions and using a conventional Metropolis
algorithm. For the simulation of finite temperature magnetic
properties of the chemically disordered Ruy(Mnj_xVx)Ge alloys the
Mn—V fcc sublattice was randomly filled with magnetic atoms ac-
cording their partial occupation numbers. This computational
scheme has previously been used successfully by the authors to
predict and explore the finite temperature magnetic properties in a
number of Mn-based metallic alloys and intermetallics with
localized Mn spin moments [28—30] including full Heusler alloys
[14,18] with chemical disorder.

3. Results and discussion

The parent Ru;MnGe compound is an antiferromagnet with
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Néel temperature of 316 K and a high degree of the chemical order
[31]. The Mn atoms have fairly localized moments of about 3 pug/Mn
and occupy one of the four interpenetrating fcc sub-lattices of the
L2; full Heusler structure. The antiferromagnetic interactions on
the fcc lattice are frustrated and the so-called 2nd kind AFM
structure of Ru;MnGe found in experiment becomes stabilized due
to the competition of the 1st, 2nd and 3rd nearest neighbor (NN)
exchange interactions [32] in accordance with the well known
Moran-Lopez et al. [33] phase diagram of the classical Heisenberg
model. In Ref. [ 18], however, it was shown that also longer distance
exchange interactions (beyond the 3rd NN shell, in particular,
strong 4th NN ones) provide an essential contribution to the Néel
temperature. The speciality of the second kind of AFM ordering on
an fcc lattice is that the actual values of the interatomic interactions
do not fix the mutual orientation of the spins in the four simple
cubic antiferromagnetic sublattices, leaving the system essentially
frustrated. It has been shown that one of the mechanisms which
removes frustration might be a higher order biquadratic exchange
interaction, which has been estimated to have a positive value in
Ru,MnGe.

In Fig. 1 we show the calculated exchange interactions in
Ruy(Mnj_xVy)Ge alloys up to the 4th NN shell. The vanadium atoms
do not possess intrinsic magnetic moments and thus the Mn—Mn
interactions are sufficient to describe the magnetic properties of
the system. From the values given for x = 0, one can see that the
dominating interaction in the parent Ru;MnGe alloy is the anti-
ferromagnetic second nearest-neighbor one, which is more than
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Fig. 1. Upper panel: The crystal structure and antiferromagnetic ground state of
Ruy(Mn;_4Vx)Ge alloys. Lower panel: Calculated Mn—Mn exchange interactions in
Ruy(Mn;_4Vy)Ge alloys as a function of the vanadium concentration x. The interactions
are shown only for the first four nearest neighbor shells.

two times larger in magnitude than the ferromagnetic 1st NN
interaction, being the reason for the stability of 2nd kind AFM
structure.

When vanadium is alloyed in the Mn sublattice the magnetic
moment of Mn gradually increases with increasing V concentra-
tion, see Fig. 2 showing the calculated local Mn moment in para-
magnetic DLM state. In the dilute limit, close to the stoichiometric
Ru;VGe composition, the local Mn moment increases by almost
20% compared to the parent Ru;MnGe (from 3.05 pg to almost 3.6
ug) implying a tendency of increasing localization of the d-elec-
trons. From Fig. 1 one can see that the 2nd, 3rd, and 4th NN in-
teractions remain almost unchanged in the concentration range
from x = 0.0 to x = 0.3—0.4. Dramatic changes occur, however, to
the 1st NN ferromagnetic exchange interactions. It shows a gradual
increase with x and becomes of similar size as the 2nd NN AFM
interaction in the critical region where experiment finds the sta-
bilization of the FM ground state. Thus the AFM-FM transition upon
alloying with V occurs due to a promotion of the direct 1st NN
ferromagnetic exchange, rather than due to the suppression of the
AFM coupling as was originally proposed in Ref. [16]. The mecha-
nism for the AFM-FM transition proposed here (promoting of the
direct FM exchange coupling) is in-line with the discussion given
earlier on the basis of the Compton scattering experiments [17].

The 2nd NN AFM coupling might be understood as the indirect
exchange between the Mn moments mediated by the p-states of
Ge, although the complete analogy with the Anderson-Kanamori
type super-exchange models must be taken with a great care in
the case of the metallic Heusler alloys, see the discussion in
Refs. [18,34]. The 1st NN coupling is in turn due to the direct hy-
bridization between the Mn d-states. Our direct calculations of the
exchange interactions thus suggest that the stabilization of the FM
state in Rup(Mn;_4xVx)Ge is due to a promotion of the direct d-d-
interaction in terms of the terminology given in Ref. [16]. The only
difference in the two kinds of explanations is that we find that the
indirect “sp-d” AFM interactions are not suppressed until x = 0.4.
However, the suppression of the AFM interaction, which starts in
the region x > 0.4, plays a considerable role in the experimentally
observed [16,17] increase of the Curie temperature of the ferro-
magnetic phase above x = 0.4.

As one can see from Fig. 1, in the region of the FM phase (x > 0.4)
there exists a strong 2nd NN AFM interaction, which significantly
reduces the value of the Curie temperature. On the other hand, as
the concentration of V increases, there are two competing effects: i)

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

x (vanadium concentration)

Fig. 2. Calculated local Mn moments in the paramagnetic DLM state of Ruy(Mn;_4Vy)
Ge alloys as a function of the vanadium concentration x.
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the non-magnetic substitutions reduce the number of the magnetic
sites which should lead to a reduction of the magnetic ordering
temperature; ii) The 1st NN FM interactions are increasing and the
frustrated 2nd NN AFM interactions are decreasing in magnitude,
thus favoring an increase of the Curie temperature. The experi-
mentally observed maximum of the Curie temperature in the re-
gion near x = 0.6 is the consequence of the competition of these
two effects. Note also that starting from x = 0.6 the 1st NN coupling
sharply decreases in magnitude with increasing V concentration. As
a result the system is expected to show a very low ordering tem-
perature or even lose the magnetic order at any temperature and to
develop a spin glass like state for V concentrations more than
x = 0.8 (dilute magnetic regime). Indeed such a behavior has been
observed in experiment [17].

In Fig. 3 we present the ordering temperatures and low tem-
perature total magnetization obtained from Monte-Carlo (MC)
simulations on the chemically disordered fcc Mn sublattice with
the ab-initio derived exchange interactions from Fig. 1. The results
of the MC simulations are indeed fully in accordance with the
conclusions outlined above. The MC simulations numerically pre-
dict the onset of a ferromagnetic ground state for V concentrations
above x = 0.4, and a maximum of the Curie temperature in the
region between x = 0.4 and X = 0.6. We note that the total
magnetization per unit cell in the ferromagnetic state continuously
decreases (in accordance with experiment) with increasing vana-
dium concentration since there is less Mn in the system, whereas
the Curie temperature behaves non-monotonously due to the
complexity of the exchange interactions as described above. We
thus see that the ab-initio calculated exchange interactions
together with the numerical model of chemical and magnetic dis-
order correctly describe the magnetic properties of Ruy(Mn;_xVy)
Ge alloys upon vanadium alloying found experimentally [16,17].
However, our calculations slightly overestimate the magnetic
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Fig. 3. Magnetic ordering temperatures of Ruy(Mn;_xVx)Ge alloys obtained from
Monte-Carlo simulations on the disordered Mn sublattice (upper panel) and the total
magnetization at low temperature (lower panel).

ordering temperatures (by about 20%) and the occurrence of the
FM-AFM transition is shifted towards higher V concentrations. The
reason for that is probably the presence of a considerable amount of
anti-site disorder in the Mn—Ge sublattices in the real alloy
Ruy(Mnj_xVx)Ge (see Ref. [17] for a careful discussion of this effect
on the Néel temperature in the stoichiometric Ru;MnX series). We
restrain ourselves from the analysis of this effect here since to our
best knowledge there is no reliable experimental information on
the Mn—Ge disorder for Ruy(Mnj_xVy)Ge alloys.

3. Conclusions

In order to explain the complex magnetic phenomena of
Ruy(Mnj_xVy)Ge alloys found experimentally we performed a
combined study in terms of state-of-the-art ab initio calculations
and subsequent Monte-Carlo simulations. The exchange in-
teractions calculated in the framework of the magnetic force the-
orem and the ab-initio electronic structure obtained for the
disordered alloys provide a very good description of the evolution
of magnetism when substituting V for Mn. In particular, the AFM-
FM transition is explained as the consequence of increasing direct
1st NN ferromagnetic exchange interaction. Further increase of the
V concentration beyond the critical value for the onset of the FM
state simultaneously leads to an increase of 1st NN FM and a
decrease of indirect AFM exchange mediated by the p-states of Ge.
The latter effect provides the mechanism for the observed
maximum of the Curie temperature at intermediate vanadium
concentrations. The subtle effects underlying the rich magnetic
phase diagram of Ruy(Mnj_xVy)Ge alloys make this system a per-
fect case for further experimental investigation of the magnetic
exchange mechanism in full Heusler alloys. For instance, as pointed
out above, the role of the partial disorder between the magnetic
transition metal (Mn) and p-element Ge might be particularly
interesting for experimental and theoretical exploitation.
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