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Abstract

We present new results on the crystal structure, magnetic and electronic properties of the Co,Fe,_,MnP series of compounds. X-ray
diffraction experiments were performed for x=0.525, x=0.65 and x=0.70. A jump both of the lattice parameters and the unit cell volume
was evidenced at the metamagnetic phase transition between antiferromagnetic and ferromagnetic states. Moreover the (P, T) magnetic
phase diagrams for x=0.45, x=0.50 and x=0.525 were determined. Mosshauer spectroscopy experiments were performed for several x
contents allowing to determine the hyperfine field, the isomer shift and the quadrupole splitting of the iron sites. Spin-polarised electronic
structure calculations were performed using the Korringa—Kohn—Rostoker (KKR) method both for CoMnP and FeMnP, in the
ferromagnetic state. The calculated local magnetic moments are 0.25 ., (Co), 2.90 p; (Mn) and 0.83 g (Fe), 2.89 pg (Mn) in CoMnP
and FeMnP, respectively. The electronic structure of the Co,Fe, _, MnP solid solutions (x=0.525 and x=0.70) were calculated using the
coherent potential approximation (CPA). The calculated values of the magnetic moments and hyperfine fields are compared with the

experimental ones. [0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Crystal structure and magnetic properties of the
Co,Fe, ,MnP series of solid solutions appear strongly
correlated in the vicinity of critical point in (x, T) phase
diagram (Fig. 1) [1].

In this system of solid solutions in the whole com-
position range the compounds crystallise in the ortho-
rhombic crystal structure of Co,P-type (Pnma space
group). For x<<0.5 and T=250 K this series of compounds
exhibits exclusively antiferromagnetic properties, however
for x>0.5 both the antiferro—ferromagnetic and the ferro-
paramagnetic phase transitions have been evidenced in (X,
T) phase diagram [1]. FeMnP has an orthorhombic struc-
ture at room temperature but transforms into the hexagonal
Fe,P type crystal structure at 1473 K [2]. Neutron diffrac-
tion measurements carried out on the orthorhombic phase
revealed a non-collinear antiferromagnetic structure with
magnetic moments 0.5 and 2.6 p, at 125 K for iron and
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manganese atoms, respectively [3]. Madssbauer spectros-
copy analyses [4] indicate that magnetic ordering takes
place below 265 K. Below 170 K the *'Fe spectrarevea a
remarkable distribution of hyperfine fields. It is stressed
that such a distribution may arise from the magnetic
structure of a helical type, spin direction modulated.

CoMnP compound exhibits ferromagnetic properties
with rather high Curie temperature (~600 K). At low
temperatures a complex incommensurate magnetic struc-
ture was established [5].

Band structure calculations on CoMnP were carried out
by the LMTO method [6]. The calculated magnetic
moments of cobalt and manganese atoms are 0.06 and 3.13
g, respectively. These values are in good agreement with
the neutron diffraction and magnetisation measurements
[3].

The aim of this work was to constitute experimental
investigations and theoretical interpretations of magnetic
properties for several contents of Co,Fe; ,MnP series of
compounds. Special attention was being paid for the
crystal lattice parameters, the atomic position parameters,
the isomer shifts and the hyperfine fields of some com-
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Fig. 1. (x, T) magnetic phase diagram for Co, Fe, ,MnP series of
compounds [1]. AF, F, P — denote antiferromagnetic, ferromagnetic and
paramagnetic states, respectively.

pounds versus temperature and composition. Moreover, the
influence of external pressure on magnetoelastic phase
transitions observed in several contents was studied. On
the basis of the experimentally detected crystal structure
parameters electronic structure calculations were per-
formed for selected compounds. Finaly, the computed
values of the magnetic moments and the hyperfine fields
were compared with the experimental data.

In this work X-ray diffraction experiments (x=0.525,
x=0.65 and x=0.70), Mossbauer spectroscopy analysis
(x=0.45, x=0.525, x=0.65 and x=0.70) and a.c. suscep-
tibility measurements under hydrostatic pressure (x=0.45,
x=0.50 and x=0.525) were undertaken. Moreover, elec-
tronic structure calculations by the Korringa—K ohn—Ros-
toker method and combined with the coherent potential
approximation (KKR—CPA) [7,8] were performed for the
CoMnP and FeMnP compounds as well as for the
Co,Fe,_,MnP system (x=0.525 and x=0.70), respective-
ly.

2. Experimental

Polycrystalline samples were synthesised starting from
the appropriate proportions of 99.9% pure elements.
Mixtures of fine powder were mixed, then progressively
heated up to 850°C for 8 days in evacuated silica tubes.
The final heat treatment performed by high frequency

heating allowed to melt the sample and then anneal by
cooling down.

X-ray diffraction experiments for the samples with x=
0.525, x=0.65, x=0.70 were performed on the Philips
diffractometer (Bragg—Brentano geometry) in 80—400 K
temperature range.

A.c. susceptibility measurements under pressure were
carried out in the temperature range of 80 —400 K on an
apparatus based on the high pressure compressor (up to 1.5
GPa). Gaseous helium was used as a pressure transmitting
medium. A manganin pick-up coil as a pressure sensor was
used. The temperature was measured by means of copper-
constantan thermocouple placed in direct contact with the
sample. The signa produced in a system of three pick-up
coils (series opposition) by an a.c magnetic field (=1 mT),
was addressed to a lock-in nanovoltmeter. The Curie
temperature was defined as the abscissae of the inflection
point at the a.c. susceptibility vs. temperature curve, and
the Néel point as the maximum in the a.c. susceptibility vs.
temperature curves.

The Mossbauer spectra were recorded in transmission
geometry using a °'Co in Rh source of 40 mCi activity.
Grounded samples, mixed with lucide powder, were
prepared in a form of pellets of 18 mm in diameter. The
low temperature measurements were carried out in a gas-
flow nitrogen cryostat where the temperature was stabilised
by a build-in oven within an accuracy of 1 K.

3. Results and discussion
3.1. Experimental study

X-ray diffraction measurements of Co,Fe;, ,MnP sys-
tem (x=0.525, x=0.65, x=0.70) were carried out at
different temperatures in order to characterise the magneto-
elastic properties of the system. The Rietveld profile
refinement method was used in order to determine the cell
and the atomic position parameter as reported in Table 1.
In all the refinements a Gaussian type profile of the Bragg
peaks was used. Several patterns collected in the tempera
ture range from 90 to 400 K were obtained, alowing to
determine the thermal behaviour of the lattice parameters
and volume as presented in Fig. 2. The values of lattice
parameters at room temperature remains in good agree-
ment with those previously determined [1]. A jump in the
lattice parameters and in the unit cell volume, associated
with the metamagnetic phase transition, was found in all
the studied compounds. The values of the relative jump in
the unit cell volume AV/V are of the order of 0.3-0.7%.
Except for the temperatures about the phase transition the
temperature dependence of the lattice parameters as well as
of the unit cell volume was found to be approximately
linear. In the case of the sample with x=0.525 the two
changes in the temperature dependence of the lattice
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Table 1
Lattice parameters and atomic position parameters of Co,Fe,  MnP refined at room temperature
Xx=0.525 x=0.65 x=0.70
a[A] 5.9472 5.9429 5.9421
b [A] 3.5516 3.5317 3.5230
c [Ao] 6.7452 6.7318 6.7326
vV [AY 142.472 141.289 140.939
(Xeor Zco) 0.850(6), 0.065(8) 0.855(8), 0.063(9) 0.851(1), 0.062(4)
(Xeer Zre) 0.850(6), 0.065(8) 0.855(8), 0.063(9) 0.854(1), 0.062(4)
Knans Zuin) 0.973(4), 0.672(2) 0.973(5), 0.067(1) 0.969(2), 0.670(1)
Xor Zp) 0.232(6), 0.125(6) 0.228(3), 0.127(2) 0.230(5), 0.129(4)

parameters, should be associated with AF-F and F-P
phase transitions, respectively.

Temperature dependence of ac. susceptibility of
Co,Fe, ,MnP system (x=0.45, x=0.50, x=0.525) was
studied under pressure up to 1.5 GPa (Fig. 38). On the
basis of these data the pressure dependence of the
metamagnetic, the Curie and the Néel temperatures and the
(P, T) magnetic diagrams were determined (Fig. 3b). In the
case of x=050 and x=0.525 the Curie temperature
increases vs. pressure (dT./dP=4.0 K/GPa for x=0.50
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and dT./dP=5.5 K/GPa for x=0.525). For these samples
the pressure dependence of the phase transition tempera
ture between the AF—-F states was aso found and it
decreases with increasing pressure (dT,._./dP=-6.2 K/
GPa for x=0.5 and dT,._/dP=-5.6 K/GPa for x=
0.525). For x=0.45 an antiferromagnetic—paramagnetic
phase transition was established with the Néel temperature
dlightly increasing with pressure (dT,/dP=0.8 K/GPa).
*"Fe Mosshauer spectroscopy experiments were carried
out on the samples with x=0.45, x=0.525, x=0.65 and
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Fig. 2. Temperature dependence of the lattice parameters and the elementary unit cell volume for the Co, ¢ Fe, ;,sMnP sample.
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Fig. 3. (@ Temperature dependence of ac. susceptibility runs for x=0.5 and x=0.525 for selected pressures; T, . is the metamagnetic (antiferro—
ferromagnetic) transition temperature, T.. is the Curie temperature. (b) (P, T) magnetic phase diagrams for x=0.45, x=0.50 and x=0.525. AF, F, P —
denote antiferromagnetic, ferromagnetic and paramagnetic regions, respectively.
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x=0.70 at liquid nitrogen temperature and at room tem-
perature. The transmission Mossbauer spectra collected at
RT and LN, are shown in Figs. 4 and 5, respectively. The
spectra of al the samples show a clear magnetic splitting
a LN, temperature while a RT the samples with x=0.45
and x=0.525 are paramagnetic. The sample with x=0.70 is
completely magnetic and in the case of x=0.65 para
magnetic and magnetic fractions coexist. The Modssbauer
spectra were fitted assuming the Gaussian type of hy-
perfine fields H; distribution. The distributions obtained
for the samples measured at LN, temperature are shown in
Fig. 5. The value of isomer shift (6) and quadrupole shift
(A) of a magnetic pattern [9] were not correlated with
magnetic field so the spectra were fitted with one value of
6 and A. The obtained values of the hyperfine parameters
are collected in Table 2.

The unique values of § and A suggests that iron is
located in one crystallographic site which is consistent
with X-ray analysis. The above distribution of H;, is not
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Fig. 4. *Fe Mossbauer spectra of Co,Fe, ,MnP measured at room
temperature for selected iron contents. The solid lines are the least-square
fits with assumption of the Gaussian type distribution of magnetic field.

surprising, it is commonly observed for specimens with
statistical distributions as here with cobalt and iron atoms.

For samples with higher cobalt content i.e. x=0.7 and
x=0.65 an additional small component was observed in the
Mossbauer spectra. This component characterised by sig-
nificantly higher 6 and stronger Hg; is assigned to a
ferromagnetic fraction (Table 2).

Magnetic properties of the samples are strongly com-
position dependent. The temperature of magnetic ordering
increases with an increase in the cobalt content, cf. Fig. 4.

The reduction of internal magnetic field is related to the
local states of iron. For certain iron contents due to
statistical distribution of cations the exchange interactions
averages to very low absolute value thus yielding fast
fluctuations of the spatial orientation of iron magnetic
moments.

In gpite of the crystalline homogeneity and well estab-
lished long range magnetic ordering some compounds at
certain temperatures can be qualified as magnetically
heterogeneous because of local character of the Madsshauer
spectroscopy.

32 Theoretical study

The KKR—CPA €lectronic structure [7,8] calculations
were performed on Co,Fe;  ,MnP with x=0.525, x=0.65,
x=0.70 using the crystal structure parameters as derived
from our X-ray measurements (Table 1). Additionaly, the
electronic band structure of the parent compounds were
calculated by the KKR method, along the same line as in
[8]. In CoMnP the calculated total magnetic moment of
3.03 pg remains in excellent agreement with the ex-
perimental data and with the previous LMTO calculations
[6]. However, the local magnetic moments on Co (0.25
pwg) and Mn (2.91 p;) are dlightly larger than the values
derived from neutron diffraction measurements [3]. Con-
versely, the sum of the magnetic moments in FeMnP (3.62
) results larger that in CoMnP, since a contribution of
the tetrahedral site w-,=0.83 pg is larger. However the
magnetic moments computed here correspond well to the
experimental values [3]. Moreover, it is aso worth noting
that the theoretical magnetic moment on the iron site in
FeMnP is smaller than the value found in the hexagonal
phase of FeMn(P-As) [10-13].

Looking at the total density of states in both compounds
(Fig. 6) one can notice that N(E;) in FeMnP (141 states/
Ry/cell) is markedly enhanced in comparison with N(E;)
in CoMnP (43.8 states/Ry/cell) which may tentatively
explain the magnetic instability in FeMnP, turning the
system to the antiferromagnetic state. Moreover the DOS
of Fe impurity in the Co,Fe,_ ,MnP (x=1.0) already
displays the spin-polarisation rising its magnetic moment
to 0.56 wg. This may explain a dlight increase in the
average magnetic moment of the tetrahedral position while
passing from CoMnP to FeMnP. On the other hand, the
magnetic moment of Mn does not vary significantly with
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Fig. 5. °"Fe Mosshauer spectra of Co,Fe,  MnP measured at liquid nitrogen temperature (left) and corresponding distributions of effective magnetic field
Hg (right) in the antiferromagnetic state. The contribution of small ferromagnetic fraction is not shown in the H, distributions.

Table 2
Mossbauer parameters of Co,Fe,  MnP measured at liquid nitrogen (LN,) and room temperature (RT)*
X LN, RT
1) A H.if F ) A Heit F
(mm/s) (mm/s9) (%) (mm/s) (mm/s) (%)
Centre Sigma Centre Sigma
M (M M (M
0.33 0.007 10.0 13 74 0.29 0.01 8.7 0 89
0.7 37 38 19 0.26 0 0 0 3
0.61 0 211 0.87 7 0.69 0.05 18.3 0 8
9.3 0.63 47 0.30 0.01 8.2 0 69
0.65 0.33 0.2 6.3 0.43 14 0.29 0 0 0 26
3.0 35 28
0.88 0 20.1 14 10 0.56 0.2 17.7 0 5
9.0 0.61 25
0.525 0.33 0.17 6.2 0.42 56 0.29 0.6 0 0 100
17 0.11 19
0.45 0.32 0.02 59 25 100 0.29 0.6 0 0 100

@ 5-isomer shift, A-quadroupole shift of magnetic pattern in case of magnetically ordered samples or quadroupole splitting in the case of paramagnetic
state (H,; =0); H,,, — effective magnetic field;, Centre and Sigma are parameters of Gaussians distributions of H,,; F — fraction of each component.
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Fig. 6. Total electronic density of states in CoMnP, Co, .,-Fe, ,,sMNP
and FeMnP caculated by KKR—CPA method. Vertical dotted lines
indicate the Fermi energy.

composition. From the KKR—CPA DOS we conclude, that
total N(E) successively increases while replacing Co with
Fe in (Co—FeMnP, mostly due to the Fermi level crossing
spin-minority DOS peak attributed to Fe and Co sites. In
comparison to CoMnP, N(E:) has larger values in
Co, ,Fey, ;MNP (157 st./Ry/cell) and Co, .,sFe, ,,sMnP
(162 st/Ry/cdll). The calculated local magnetic moments
for selected compositions are presented in Table 3.
Furthermore, the values of the hyperfine fields were

Table 3
Atomic moments (in wg) in the orthorhombic Co,Fe,  MnP from the
KKR-CPA calculations

Total /f.u. Co Fe Mn P
Co, ,Fe, ,MnP 3.03 0.25 0.56 291 —-0.07
Co, ,Fe, ;MnP 3.17 0.26 0.60 2.93 —-0.07
Coy 5p5F€0 47sMNP 3.33 0.28 0.70 2.97 -0.07
FeMnP 3.62 - 0.83 2.89 —0.06

derived from the spin-density at the iron nucleus (within
the Fermi contact formuld). It is found to be 11.0 and 12.1
T in the case of x=0.70 and x=0.475 contents, respective-
ly. In the approach of purely ferromagnetic state of
Co,Fe,; ,MnP, theoretical results remain in a satisfactory
agreement with our Mossbauer data. However dightly
smaller values of the hyperfine field can be expected from
the KKR—CPA calculations using the LSD approximation.
This effect may originate either from the spherical approxi-
mation applied in our method or from complex magnetic
structure occurring in the studied samples. This should be
addressed to forthcoming investigations.

4. Conclusions

To conclude this work some general features of
Co,Fe; _,MnP series of compounds could be mentioned:

1. The lattice parameters as well as atomic position
parameters for the Co,Fe,;  MnP solid solutions (x=
0.525, x=0.65 and x=0.70) were detemined.

2. For al the studied contents (i.e. x=0.45, x=0.50,
x=0.525) the (P, T) magnetic phase diagrams were
established. The Curie temperature T. and the Neéel
temperature T, linearly increases with pressure. How-
ever, the metamagnetic (AF—F) phase transition tem-
perature shows dlight linear decrease vs. applied exter-
nal pressure.

3. The AF—F metamagnetic phase transition at T, as well
as the F-P transition at T, reveal the magnetoelastic
properties. The abrupt changes in the unit cell volume
(about 0.3-0.7%) were evidenced at both phase transi-
tions.

4. The isomer shift, the quadrupole shift, the quadrupole
splitting and the hyperfine field were determined for
selected cobalt contents; it may be concluded that in
spite of the homogeneity of the samples and well
established long range magnetic ordering, some com-
pounds can be qualified as locally magnetically
heterogeneous.

5. The electronic structure calculations were performed for
the Co,Fe, ,MnP dloys. The theoretical values of
magnetic moments and hyperfine fields remain in good
agreement with the experimental results. Moreover the
evolution of the KKR—CPA density of states in the
vicinity of the Fermi level, when passing from CoMnP
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to FeMnP, may tentatively explain experimentaly de-
tected AF—F magnetic transition.
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