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Abstract

Results obtained by means of the emission Mössbauer spectroscopy in metallic
cobalt are reported. The Mössbauer line of the 14.4-keV energy connecting the
first excited state of the stable Fe57  nucleus with its ground state was used.
Radioactive Co57  was used as the precursor of the above nuclear state. It was
dissolved in the natural metallic cobalt with the concentration of about

ppm at. 40  including nucleogenic iron generated during decay of the cobalt
precursor. Mössbauer spectra were collected in the temperature range between
room temperature (RT) and K 1075  with the sample kept under vacuum. A
transition from the low temperature hexagonal phase to the face centered cubic
high temperature phase at about K 690  has no influence on the iron magnetic
hyperfine field arising due to the ferromagnetic ordering of the host. On the
other hand, the electron charge density on the iron nucleus has some relatively
narrow maximum in the vicinity of the transition temperature. There is some
discontinuity in the recoilless fraction as well indicating that the high
temperature cubic phase provides somewhat stronger bonds for the isolated iron
impurity. The anharmonic behavior of the lattice vibrations could be seen in the
cubic phase well above the transition point. No measurable electric quadrupole
interaction was found in the hexagonal phase. The evolution of the magnetic
hyperfine field with the temperature is reasonably described by the spin wave
formalism provided strong magnon-magnon scattering is allowed for. On the
other hand, charge density on the iron nucleus follows thermal expansion except
some singularity in the vicinity of the transition point.
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1 Introduction

Few studies have been devoted to the investigation of the isolated iron impurity
substituted into metallic cobalt host at the host site. Investigations were performed mainly
at low temperatures, i.e., below and in the vicinity of the room temperature (RT) [1]. On
the other hand, metallic cobalt is the ferromagnetic system with the highest Curie
temperature occurring in the ordinary matter kept at low pressure. It transforms from the
low temperature hexagonal phase being very similar to the ideal hexagonal close packed
structure into face centered cubic phase at about K 690  [2, 3]. One can maintain cubic
phase at lower temperatures applying very high pressure. Such conditions can be achieved
precipitating small cobalt particles in a copper matrix from the over-saturated solution.
However some copper remains dissolved in these particles with the concentration ranging
up to several atomic percent [4].

Some papers reported measurable electric field gradient on the isolated iron impurity in
the hexagonal phase [1]. On the other hand, no electric field gradient was found on the
cobalt nucleus in the same phase [5].

Hence, the isolated iron impurity in cobalt deserved investigations in the wide temperature
range above the room temperature (RT). We have used the emission Mössbauer
spectroscopy to perform such research.

The paper is organized as follows. Section 2 deals with the experimental details, while the
section 3 is devoted to the discussion of the results obtained. The last section summarizes
our findings.

2 Experimental

The Mössbauer sources of Co)CoO(57  were prepared using CoO  single crystal. Details of
the sample preparation procedure can be found elsewhere [6, 7]. The uniform distribution
of the Co57  activity in the sample under investigation corresponded to the concentration
of the radioactive cobalt and nucleogenic iron at the level of ppm at.-40 , altogether. The
metallic source was obtained by reducing Co)CoO(57  in medium range vacuum at

K 1290  for about 6 hours. Reducing conditions were provided by the large amount of
pure iron powder kept at about K 773  in the same vacuum space. Traces of water vapor
were applied in order to assure oxygen transfer. The CoO  sample and iron metal were
kept in separate furnaces. The following reactions were responsible for the CoO  reduction
under the above conditions:

. OH  Co  CoO  H  and  H  FeO  OH  Fe )(2)()()2()2()()(2)( gssggsgs +→++→+

These reactions proceeded until the supply of oxygen was exhausted leaving some traces
of the hydrogen gas in the vacuum space. Subsequently the sample was cooled down to
room temperature (RT) maintaining the above vacuum. The sample was kept in the high
purity platinum boat.

Mössbauer spectra of metalCo)Co(57 −  were measured vs. temperature. A temperature
range from RT to K 1075  was covered. Measurements were performed maintaining the
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same vacuum conditions as used in the sample preparation. RT spectrum was collected
after each high temperature measurement in order to check for the sample integrity.

All spectra were recorded and evaluated using hardware equipment and software
described in Refs [6, 8]. All spectra were evaluated within the thin absorber limit. A single
line enriched O3H . Fe(CN)K 26

57
4  absorber kept at RT was used to record Mössbauer

spectra.

3 Results and discussion

Mössbauer spectra obtained at various temperatures are shown in Fig. 1. It has to be noted
that the recoilless fraction goes down quite rapidly with the increasing temperature.
Hence, it is very difficult to obtain spectra of the sufficient quality above K 1075 , and one
cannot reach paramagnetic region as the Curie temperature for the high temperature face
centered cubic phase of the metallic cobalt is about K 1382 . No preferential orientation of
the hyperfine magnetic field was detected in any of the recorded spectrum.

Figure 1. metal-Co)Co(57  Mössbauer spectra shown vs. temperature.

Mean squared atomic displacements have been calculated according to the relationship
)/ln( )/1(MSDMSD 0

2
0 AAq−=− , where MSD stands for the mean squared
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displacement at a given temperature T , while 0MSD  stands for the mean squared
displacement at RT. The symbol q  denotes wave number transfer to the system (for the
Mössbauer line used here -1Å 3.7=q ), A  stands for the spectral area at temperature T ,
and 0A  denotes spectral area at RT. Both areas are corrected for the respective
backgrounds under the resonant rayγ −  line as seen by the detector. On the other hand,
MSD could be calculated according to the following expression [9]:
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Here the symbol h  denotes the Planck constant divided by π2 , M  stands for the mass of
the vibrating atom (57 A.U.), Bk  denotes the Boltzmann constant, and 0>θM  stands for
the Debye-Mössbauer temperature. The symbol 0≥T  denotes the temperature of the
sample. The anharmonic term is described by the parameter 0≥b , and by a temperature

0>AT  denoting the onset of anharmonicity. The symbol )( ATT −η  stands for the
Heaviside function. Hence, one can apply expression (1) to fit 0MSDMSD −  in terms of
the Debye-Mössbauer temperature and calculate 0MSD  in terms of the obtained Debye-
Mössbauer temperature in order to get MSD at any temperature. Such procedure could be
applied to all data points below temperature AT , i.e., to data obtained below transition
temperature to the high temperature cubic phase. The temperature AT  was chosen as the
lowest temperature used to collect spectrum in the cubic phase (774 K). Such assumption
allowed to calculate Debye-Mössbauer temperature of the cubic phase in terms of the
MSD at the temperature AT , and to obtain final Debye-Mössbauer temperature of the low
temperature hexagonal phase using all MSD values obtained at low temperatures. The
anharmonicity parameter b  was obtained fitting high temperature data points to the
equation (1), while keeping constant Debye-Mössbauer temperature fixed at the value
obtained previously for the high temperature phase. Results of the above data treatment
are shown in Fig. 2, while the obtained values of the essential parameters are collected in
Table 1. It is interesting to note that transition to the cubic phase leads to somewhat stiffer
bonds between isolated iron impurity and the host. Some anharmonicity develops above
about K 800  leading to the rapid fallout of the recoilless fraction with the increasing
temperature. One can conclude that the metallic host is much softer in comparison with
the corresponding oxide host.

Table 1: Essential recoilless fraction parameters.

[K] )(hexMθ [K] )(cubMθ [K] AT b  [(Å/K) 2 ]
358(5) 394(17) 774 810 x )5(7.4 −

Spectral shift was corrected for the second order Doppler shift applying Dulong-Petit rule
[10] as all data were recorded at sufficiently high temperatures to neglect quantum effects.
The pure isomer shift obtained this way is reported relative to the total shift of the Feα −
kept at room temperature (RT) and under negligible pressure. One can use modified
Grüneisen expression to describe the isomer shift evolution with the varying temperature
and under constant low pressure. This expression takes on the following form [11]:
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Figure 2. Mean squared displacement shown vs. temperature. Phase boundary is shown
by vertical dashed line. Data point marked by the open circle was used to calculate Debye-
Mössbauer temperature of the cubic phase. Dashed lines converging to the origin show the
classical limit, while the dashed line shown at high temperatures is the extrapolation of the
harmonic approximation for the cubic phase.
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Here the symbol 0S  stands for the low temperature limit of the isomer shift, the symbol α
represents high temperature slope of the isomer shift, 0≥GT  denotes the onset of the
thermal expansion due to the anharmonicity, and 0>θG  stands for the Grüneisen
temperature. One has to note that for the very high temperature the following relationship
holds α−=∂∂+∞→ 4

1)/S(lim TT . Isomer shift data follow reasonably expression (2) except
in the vicinity of the phase transition ( K 690 ), where some local maximum in the isomer
shift is observed. Parameters obtained by data fitting to the equation (2) are listed in

2 Table , while the data points and the curve following equation (2) are shown in Fig. 3. It
has to be noted that the isomer shift is more sensitive to the anharmonic thermal expansion
than the recoilless fraction as the temperature GT  is lower than the corresponding
temperature AT . Decrease of the isomer shift is caused by the decreasing electron density
on the iron nucleus (for this particular Mössbauer transition observed in the emission
spectroscopy). Hence, the isomer shift decreases with the increasing temperature as the
host density diminishes due to the thermal expansion. Some increase of the electron
density on the iron impurity nucleus is seen in the vicinity of the phase transition. It might
be explained by the increase of the internal pressure caused by the lattice transformation
from the hexagonal structure to the cubic face centered structure upon raising temperature.
Finally one has to observe that the electron density on the iron impurity nucleus in cobalt
is lower than the electron density on the iron nucleus in the Feα −  under the same
thermodynamic conditions.
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Table 2: Parameters describing evolution of the isomer shift vs. temperature.

[mm/s] S0 [mm/(sK)] α [K] GT [K] Gθ

-0.099(1) 410 x 4.6(6) − 469(39)  294(40)

Figure 3. Isomer shift shown vs. temperature. Phase boundary is shown by vertical
dashed line. The point shown by the open circle was excluded from the fitting procedure.

Metallic cobalt orders ferromagnetically with magnetic moments pointing along the
hexagonal axis in the hexagonal phase, and along one of the crystallographic unit cell axis
in the face centered cubic phase. The exchange interaction is extraordinarily strong and
the Curie temperature ( K 1382 ) is the highest such temperature observed in the ordinary
matter under low pressures [2, 3]. There is strong experimental evidence that the localized
magnetic moment of the isolated iron impurity substituted into the cobalt lattice aligns in
the co-axial manner to the host moments – see Ref. [1]. Host moments are relatively well
localized too. Hence, the dipolar hyperfine magnetic field seen by the iron nucleus is
aligned co-axially with the iron local moment. There are two major contributions to the
hyperfine field, and both of them originate from the Fermi contact term. One of them is
due to the spin polarization of the core electrons, while the other one is due to the
transferred spin density from adjacent host atoms. Such situation occurs in the absence of
the strong external magnetic field. These two terms are co-axial with opposite signs, and
the core term is dominant. Therefore increased spin transfer density results in lowering of
the observed field value. The main contribution to the hyperfine field is due to the spin
polarized s-like electrons either belonging to the core or transferred via the conduction
band.

The evolution of the hyperfine field value vs. temperature can be described by various
theories. The most straightforward approach is to apply standard molecular mean field
theory [12]. This approach is likely to be fairly successful provided the hyperfine field
follows spontaneous magnetization, and the experiment is performed without applying
external magnetic field. On the other hand, the molecular field theory is likely to describe
magnetization provided magnetic moments of the host are fairly localized. Upper part of
Fig. 4 shows such attempt. Actually two parameters (saturation value of the field and
Curie temperature) were fitted to the data varying atomic spin S  from the lowest allowed
value of 2

1  till the classical limit of the infinite spin (Langevin function) in quantum steps
amounting to 2

1 . It is obvious that reasonable agreement is obtained between 3=S  and
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4=S . The best fit is actually obtained for 2
7=S . However in this case the Curie

temperature comes out as K 1631(5) , i.e., unrealistically high. The saturation field comes
out as T 32.15(1) , i.e., quite acceptable. Solid lines of the upper part of Fig. 4 are
calculated using above values for the saturation field and Curie temperature. The main
point is that the spin value giving reasonable agreement is completely unrealistic for
strongly coupled metallic system. Neither host atoms nor impurity can maintain such high
atomic spin in the sea of the conduction electrons giving major contribution to the
exchange integrals coupling local moments between neighboring atoms. Hence, another
approach is essential bearing in mind that the system is metallic and very strongly
magnetically coupled including very strong magnetic coupling between isolated iron
atomic moment and host atomic moments.

Figure 4. Hyperfine magnetic field shown vs. temperature. Upper part shows curves
obtained within standard molecular mean field theory for various atomic spins, while the
lower part shows the curve obtained within strongly interacting spin waves model. Phase
boundary is shown by vertical dashed line. The best fit within molecular field theory is
obtained for the spin 2

7=S .

We have used somewhat modified spin waves model having included strong magnon-
magnon scattering [12, 13]. In such case one can describe the fallout of the hyperfine field
value B with the increasing temperature by the following equation:
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Here the symbol 00 >B  stands for the saturation value of the hyperfine field, and 0>ST
stands for the scaling factor. The exponent β  has to satisfy the following condition 1>β .
The expression (3) could be applied provided the actual temperature satisfies the condition

STT <<  as otherwise spin waves are poorly defined at all. The exponent β  satisfies the
condition 2

3=β  for non-interacting spin waves, and the equation (3) reduces in such case
to the Bloch equation [14]. However one can expect larger exponent for strongly
interacting spin waves being scattered due to the non-linearity in the quantum field
generating them as excitations of itself or due to the scattering on the lattice imperfections
including local scattering on the iron impurity being some kind of defect. One has to
realize that core electrons strongly influence charge and spin density of the band electrons
in the vicinity of the atom involved. This perturbation depends upon the particular kind of
atom. The equation (3) could be applied to either 2

1=S  or 1=S  cases. In our case one
can assume that 2

1=S  condition is satisfied due to the strong conduction band spin
polarization. Lower part of Fig. 4 shows the results obtained by fitting data to the equation
(3), while the values of the parameters obtained are listed in Table 3. One observes
slightly higher transferred spin density in comparison with the Feα −  under the same
thermodynamic conditions.

Table 3: Parameters of the spin waves model used to describe hyperfine field evolution vs.
temperature.

[T] 0B [K] ST β [K] eJ
32.41(4) 2066(35) 2.13(5) 394

The scaling factor ST  could be used to estimate exchange integral coupling either host
moments between themselves or the impurity moment to the host. The latter integral could
be estimated in our case as we look upon evolution of the iron hyperfine field vs.
temperature. Basically equation (3) applies to mono-atomic cubic lattices i.e., simple
cubic (SC), body centered cubic (BCC) or face centered cubic (FCC) all of them ordered
ferromagnetically. However mono-atomic hexagonal lattice ordered ferromagnetically can
be treated as well provided it does not depart significantly from the hexagonal close
packed lattice (HCP). In such case it has to be treated like the FCC lattice. The scaling
factor could be converted into exchange integral eJ  using the following expression [12]:
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The parameter 421 ,,n =  for SC, BCC or FCC/HCP-like lattices, respectively. In our case
one has to use 4=n  value. The exchange integral obtained this way is listed in Table 3. It
represents coupling between iron impurity magnetic moment and the cobalt ferromagnetic
host. Its value is very large, albeit within acceptable limits. One has to remember that the
system investigated here is the most strongly magnetically coupled system encountered in
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the ordinary matter. It is interesting to note that the phase transition in cobalt has no
influence on the iron impurity hyperfine field. Hence, the approximations used above
seem justified.

In principle one can expect some axially symmetric electric field gradient pointing along
the hexagonal axis in the low temperature hexagonal phase (co-axial with the hyperfine
field). Such interaction was not found within the experimental limits despite earlier claim.
First of all a departure from the HCP lattice is very small as the a/c  ratio amounts to
1.624 at RT with c  being the lattice constant along the hexagonal axis, and a  denoting
lattice constant in the hexagonal plane [2, 3]. One has to note that the ideal HCP lattice is
characterized by 633.13/8/ ==ac , and in such case the electric field gradient vanishes
on the lattice site. The isolated iron impurity is likely to redistribute nearest neighbors
towards the above mentioned symmetry and atoms located beyond the nearest neighbor
shell have negligible effect in metals exhibiting enormous screening by the conduction
electrons. No electric quadrupole interaction was found on the cobalt nucleus in the
hexagonal cobalt by the precision nuclear magnetic resonance method in agreement with
our finding [5]. Hence, even unperturbed nearest neighbors are screened sufficiently by
the conduction electrons to nullify the electric quadrupole interaction.

Finally one could state that the metallic cobalt is produced in the polycrystalline state, the
latter having random orientation of the magnetic domains. It seems that the recoilless
fraction is fairly isotropic in both phases at all temperatures investigated. The environment
of the isolated iron impurity is sharply defined, as lines remain fairly narrow. Therefore
the hyperfine magnetic field value is the same for all iron atoms.

4 Conclusions

The main results of the present contribution could be summarized as follows:

1. The recoilless fraction follows simple Debye model at low temperatures, and one sees
some hardening of the host upon transition to the high temperature cubic phase. A
cubic phase exhibits some anharmonicity at high temperatures above about K 800 . It
becomes very soft at still higher temperatures.

2. Electron charge density on iron impurity is somewhat lower than in the Feα − . It
starts to decrease at about K 469  due to the lattice thermal expansion. Some singular
increase of the electron charge density is seen in the vicinity of the phase transition.

3. Iron hyperfine field evolution with the temperature could be described within the
strongly interacting spin waves model. The exchange integral between iron magnetic
moment and the host magnetic moments is very high as expected for the ferromagnetic
system with the exceptionally high Curie temperature [5].

4. No electric quadrupole tensor is seen on the iron impurity in the hexagonal phase [1].
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