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Recently, the prediction of structural degeneracy for the ground state of ZrMn, by ab initio methods has
stimulated research on this system. We investigated the structural and thermodynamic properties by single
crystal and powder x-ray diffraction (at zero and high pressure) as well as by neutron powder diffraction,
demonstrating that the C14 Laves phase structure is stable down to a temperature of 4.2 K and up to applied
pressure of 56 GPa. The bulk modulus and enthalpy of formation (measured by high-temperature drop calo-
rimetric experiments) of ZrMn, are found to be 150 GPa and —66.6 kJ (mol of f.u.)”!, respectively, in nice
agreement with the ab initio calculated results. The experimental bulk thermal-expansion data of ZrMn,
resembles that of a typical metal. However, the temperature-dependent electrical resisitivity shows that there is
a power law with n=1.1 at low temperature quite different from simple metals which originates probably from
scattering of the charge carriers on the frustrated Mn moments. The phonons have been investigated in detail

by comparing results of ab initio calculations with neutron spectra and experimental specific-heat data.

DOI: 10.1103/PhysRevB.74.224109

I. INTRODUCTION

Today, about seventy years after Laves, there exists a
fairly good knowledge about the basic structural principles
of Laves phases, but many questions still remain. Particu-
larly, theoretical concepts on structure-property relations for
optimized alloy design are still not well developed.
AMn,-type Laves phase compounds (A is usually a 3d or 4f
element with a larger atomic radius than Mn) exhibit a large
diversity of magnetic ground states. For instance, the antifer-
romagnetic YMn, shows a 3d heavy fermion behavior! and a
spin-liquid-like (or spin-singlet-like) state.! The compound
ZrMn, has interesting physical and technological properties
(e.g., hydrogen storage materials).”

ZrMn, was investigated by Svechnikov and Petkov? in the
1970s; they reported a Cl4-type structure when quenched
from the congruent melting point at 1783 K. Thereafter,
numerous experiments*~!’ above 870 K confirmed that
ZrMn, crystallizes in the hexagonal C14 Laves-type struc-
ture with lattice constants «=0.4957-0.5052, and ¢
=0.8190-0.8295 nm. Although many experiments were per-
formed, the key properties at low temperature, such as the
lattice structure, remain uninvestigated. Theoretical calcula-
tions on the electronic structure of C14 ZrMn, have already
been performed by various techniques. Employing the
Korringa-Kohn-Rostoker (KKR) method and involving a
local-spin density (LSD) approximation Ishida et all!
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claimed paramagnetism with only Mn at 2a sites possibly
being ferromagnetic. Asano and Ishida obtained a C14 ferro-
magnetic state, almost degenerate in energy with its para-
magnetic state.'> More recently, Hong and Fu'? calculated
the hydrogen uptake in ZrMn, and concluded that the possi-
bility of a magnetic ground state cannot be ruled out.

Up to date, no low-temperature experiments (thermal
properties, specific heat, etc.) have been performed. Moti-
vated by the ab initio calculations predicting unconventional
magnetism and structural degeneracy (prediction of a struc-
tural phase transition below room temperature) in this system
we present an extensive experimental study of the physical
properties of this compound.

II. THEORETICAL INVESTIGATION OF STRUCTURAL
PROPERTIES

We investigated ZrMn, based on density-functional
calculations,'*!3 and predicted ZrMn, to be polymorphic at
very low temperatures. Degeneracy of at least three crystal
structures (C14, C15, C36) was observed, which are distin-
guished by different stackings of layers. This degeneracy oc-
curs for the ferromagnetic phases being lowest in energy
compared to nonmagnetic or selected antiferromagnetic spin
orderings. The gain in magnetization energy due to sponta-
neous spin polarization is different for all investigated struc-
tures but just of the right size to cause the degeneracy. The
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C15 structure is stable at zero temperature by a very small
energy difference, which disappears when pressure is ap-
plied. Including the free energies of lattice vibrations we
predict a structural phase transition at 160 K from the C15 to
the C14 structure. This is the structure which is found ex-
perimentally. The structural degeneracy is not due to any
instability: the phonon dispersions for the C14 and CI15
structures have no soft modes, the energy of formation indi-
cates strong bonding, and the calculated elastic constants for
C15 exclude any weakness due to elastic deformations. Fi-
nally, the reliability of our calculations is confirmed by com-
parison to reliable experimental data also for related com-
pounds, such as ZrFe, and ZrCr,.

III. HOMOGENEITY REGION AND STRUCTURE OF
ZxrMn,

A. Experimental details

About ten Zr-Mn alloys containing 60—80 at. % Mn were
prepared by arc-melting on a water-cooled copper hearth in
Ti-gettered argon from elemental ingots with a minimum pu-
rity of 99.9 wt %. Weight losses were attributed to evapora-
tion of the manganese and used to correct the nominal com-
position of the alloys. The as-cast alloys were sealed in
quartz tubes and annealed at 900 °C for 100—150 h before
quenching in cold water. Based on x-ray-diffraction profiles
of as-cast alloys congruent melting of ZrMn, was established
at 67.9 at. % Mn (Zry9¢Mn,4). This composition was se-
lected for subsequent investigations of physical properties
and a specimen with a weight of 20 g was prepared in a
high-frequency furnace. Single crystals were mechanically
isolated from the crushed as-cast alloy Zrz, ;Mng; . Inspec-
tion on an AXS-GADDS texture goniometer assured high
crystal quality, unit-cell dimensions, and Laue symmetry of
the specimens prior to x-ray intensity data collection on a
four-circle Nonius Kappa diffractometer equipped with a
charge-coupled device (CCD) area detector employing
graphite monochromated MoK« radiation (A
=0.071 073 nm). Orientation matrix and unit-cell parameters
for a cubic system were derived using the program DENZO. !¢
No absorption corrections were necessary because of the
rather regular crystal shape and small dimensions of the in-
vestigated specimens. The structure was refined with the aid
of the SHELXL-97 program.'’

X-ray powder-diffraction data from as-cast and annealed
alloys were collected employing a Guinier-Huber image
plate system with Cu-K,, and Fe-K,, radiation (8°<26
<100°), and a Siemens D5000 instrument with Cu-Ka, ,
(10<<26<110°). Precise lattice parameters were calculated
by least-squares fits to the indexed 46 values employing Ge
as internal standard (ag.=0.565 790 6 nm). Quantitative Ri-
etveld refinement of the x-ray powder-diffraction data was
performed with the FULLPROF program,'® with the use of its
internal tables for scattering lengths and atomic form factors.

Light optical microscopy (LOM) on selected compounds,
which were polished and etched by standard methods, scan-
ning electron microscopy and electron microprobe analyses
(EMPA) based on energy dispersive x-ray spectroscopy
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[Si(Li) detector; Mn-K, and Zr-L,] were used to examine
equilibrium composition on a Cambridge stereoscan
equipped with a microprobe Oxford model Si(Li)-Tetralink
pentafet. A peak from a cobalt-standard was used by a cali-
bration procedure in order to monitor beam current, gain, and
resolution of the spectrometer. Pure elements were used as
standards to carry out the deconvolution of overlapping
peaks and background subtraction. Finally the x-ray intensi-
ties were corrected for ZAF (atomic number, absorption, and
fluorescence) effects using the INCA-Energy 300 software
package (2002INCA)." For quantitative EMPA the samples
were analyzed employing an accelerating voltage of 20 kV
for a counting time of 60 sec. Overall compositions of the
samples after EMPA agree with the nominal values within
1 at. %.

B. Results

The room-temperature x-ray single-crystal study con-
firmed the hexagonal unit cell [¢=0.50293(2) nm; c
=0.826 69(3) nm] without any indications of superstructure
reflections. The intensity refinement clearly revealed isomor-
phism of the structure of ZrMn, with the MgZn, type (C14
Laves type), see Table 1. Although the confidence level of the
structure determination is very high (R%=0.024), antisite at-
oms or vacancies at a level of about 5% can neither be de-
termined from the refinement of the occupational numbers
nor simply be judged from atom displacement parameters—
differences involved concern only Ap=0.8 electrons, too low
to be discerned from x-ray intensity data. Anisotropic ther-
mal parameters of all atoms display almost spherical atom
shapes indicating a rather uniform bonding scheme. This is
in line with interatomic distances, which merely reflect the
sum of the atom radii.

EMPA of as-cast alloys revealed the homogeneity limits
of the ZrMn,-based phase from 66 to 72 at. % Mn. The man-
ganese content in the alloys annealed at 900 °C varies from
66.2 to 72.7 at. % Mn. Thus the established homogeneity re-
gion of the Laves phase in the Zr-Mn system is much smaller
than reported before.”’* Lattice parameters of the solid solu-
tion decrease with manganese content from a
=0.504 19(4) nm and ¢=0.828 73(6) nm for Zr3; gMngs ; to
a=0.498 75(6) nm and ¢=0.8195(1) for Zr,;3Mn;, . Fur-
thermore, congruent melting of this phase was observed at a
slightly off-stoichiometric composition Zrs, ;Mng;9, con-
firming the ab initio prediction, which shows that the con-
gruent melting point occurs at 32.8 at. % of Zr.3.)

IV. STRUCTURE UNDER PRESSURE
A. Ab initio prediction of pressure induced phase transition

The crossing of energy-volume curves between C14 FM
and C15 FM at about 0.0421 nm?3/f.u., and between C14 FM
and C36 FM at 0.043 08 nm?/f.u. indicates that C14 FM and
C36 FM structures are energetically favorable under pres-
sures. The optimized total energy E vs V relation was fitted
to a fourth-order polynomial E(V) for a given phase. From
this we derived the pressure-volume ( =—%) relation which
is used to calculate the pressure-dependent enthalpy of for-

224109-2



STRUCTURAL, THERMODYNAMIC, AND TRANSPORT...

PHYSICAL REVIEW B 74, 224109 (2006)

TABLE 1. Structure parameters obtained from x-ray single-crystal and neutron powder data and details of the refinement procedure for
Zrp96Mny o4 (MgZn, type, space group P63/mmc No. 194, origin at center). Crystal structure data are standardized using the program
Structure Tidy. * Anisotropic atomic displacement parameters Uj; in [10? nm?].

Parameter/temperature

298 K

293 K

6 K

Lattice parameters a;c (nm)
Data collection

0.50293(2); 0.82669(3)
Nonius Kappa/CCD

0.502978(4); 0.826630(10)
TOF diffraction

0.501615(4); 0.825481(10)
TOF diffraction

Radiation MoK« Neutron Neutron
Reflections measured [total] 257=40(F,) of 280 [4100]
O range 2<20<70;

180 sec/frame, 144 frames
Number of variables 11
Ri=2|1,5= 15|/ 2|1l 0.068 0.061 0.044
R2=3|F:-F2|/3|F}= 0.024 0.074 0.059
Crystal size 90 X 84 X 112 um?
Ryp=[2wilyoi=yeil 1 Zwily "] 0.038 0.039
Mosaicity; abs. coeff. [mm™] <0.45; ©=18.80 mm™!
Extinction (Zachariasen) 0.041(5)
Goodness of Fit GOF=1.144 GOF=8.897 GOF=6.399
Atom positions
Mnl in 2a (0,0,0), occ. 1.00(1) Mn
U,y (Uy,) 10> (nm®) U?,=0.0063(2)* Ut,=0.0066 U?,=0.0036

Mn2 in 6Ah (x,2x,1/4), occ.
Ueq (Uim) 102 (nm3)

Zrin 4f (1/3,2/3,z7), occ.

x=0.17013(5); 1.00(1)Mn
U},=0.0061(2)"

2=0.56340(5); 1.00(2) Zr

x=0.16971(1)
Ut,=0.0066

2=0.56282(6)

x=0.16992(2)
U?,=0.0036

2=0.56287(6)

Uy (Uy,) 10> (nm®) U!,=0.0064(2)¢ Ut,=0.0066 Ut,=0.0036
Residual density; max; min 1.51; -1.19
in (electrons/nm?) X 1000

Interatomic distances (nm)

Mnl

-6 Mn 0.25432
-6 Zr 0.29506
Mn2

-2 Mn2 0.24624
-2 Mnl 0.25432
-2 Mn2 0.25669
-6 Zr 0.29503
Zr

-6 Mn2 0.29503
-3 Mnl 0.29506
-3 Mn2 0.29553
-17Zr 0.30871
-3 7r 0.30871

“Mnl (2“): U11=U22=0.0065(2); U33=00059(3), U13=U23=0; U12=U11.
bMI’lZ (6/’1) U11=00063(2), U22=00063(2), U3';=00058(2), U13=U23=0; U12=U22.
Zr (4f) U11=U22=0.0065(2); U33=()0063(2), U13=U23=0; U12=U11.

mation, H(P)=E(P)+PV—E, ~2EM" The pressure-volume B. Experiment
equation of states and the enthalpy-pressure relation are
shown in Fig. 1. At zero temperature a pressure-reduced
phase transformation from C15 FM to C14 FM at 5.9 GPa is

predicted.

High pressure x-ray-diffraction (HPXRD) experiments at
ambient temperature were performed at the beamline ID 30
of the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. For this purpose a fine powder of ZrMn,
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FIG. 1. Calculated enthalpy differences (relative to C15 FM)
and equations of state (inset) for ZrMn, in C14, C15, and C36 FM
crystal structures as a function of pressure. Lattice dynamical ef-
fects (zero-point and thermal motion of atoms) are not included in
these calculations. The enthalpy differences are referenced to the
C15 FM structure: AH=H(P)—H ¢571/(P).

was loaded in a diamond-anvil cell (DAC), together with a
pressure transmitting medium (PTM) and a small ruby crys-
tal for pressure determination (via the ruby fluorescence
method). As a PTM silicone oil and N2 were used. The
former is easier to handle for experiments at lower pressures,
whereas the latter yields better hydrostatic conditions at
higher pressures. The x-ray-diffraction patterns at different
pressures were then obtained by diffraction of a monochro-
matic x-ray beam (wavelength 0.020 215 nm) on the sample
contained in the DAC, using a two-dimensional (2D) CCD-
based detector for capturing the diffraction images. The dif-
fraction rings were then integrated using the FIT2D
program,”? which produced the 1D diffraction patterns used
for data analysis.

C. Results

No structural transition was observed up to 56 GPa, the
highest pressure which could be reached. The compressibil-
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FIG. 2. Relative volume and c/a ratio of the C14 structure of
ZrMn, as a function of pressure up to about 40 GPa. The line shows
the result of fitting the Murnaghan EOS formula (Ref. 21) to the
experimental data.
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FIG. 3. (Color online) Neutron time-of-flight diffraction pattern
of ZrMn, at T=293 K (top) and 6 K (bottom). The lines indicate a
fit from the Rietveld analysis.

ity curve (see Fig. 2) shows a normal behavior with a bulk
modulus By= 150 GPa and B)=~4. These values for the
equation of state (EOS) were obtained by fitting the EOS
formula of Murnaghan?! to the experimental data. The ex-
perimental value for By, is smaller by 30 GPa compared with
the ab initio calculated result of 180 GPa,!’> due to the fact
that ab initio calculation underestimates the equilibrium vol-
ume by 4% thus resulting in a larger predicted bulk modulus.

The c/a ratio remains unchanged by the application of
pressure. Figure 2 shows only the pressure range up to
37 GPa. The data points at higher pressures up to 56 GPa
were performed using silicone oil as a PTM, which is
strongly nonhydrostatic at such high pressures, and therefore
cannot be used for a reliable compressibility curve. However,
also the points between 37 and 56 GPa do not indicate any
instability of the crystal structure, except a strong broadening
of the x-ray lines.

V. NEUTRON DIFFRACTION

We collected neutron powder-diffraction data on ZrMn,
on the time-of-flight diffractometer ROTAX at the pulsed
neutron spallation source ISIS at the Rutherford Appleton
Laboratory, UK. Long runs were carried out at 6 and 293 K
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FIG. 4. Temperature dependence of refined structure parameters
from neutron powder diffraction: lattice parameters (a,c), ratio
(c/a), overall atom displacement parameter (Uj,,) of Zr and Mn,
atomic position parameters z(Zr) and x(Mn2) (compare Table I).

(see Fig. 3), plus short runs at 20-K steps between 6 and
300 K in order to follow the thermal expansion. The data
have been fitted according to the Rietveld method using the
GSAS program package.”

The diffraction patterns do not indicate a structural tran-
sition between 6 and 300 K. Figure 4 shows the temperature
dependence of the hexagonal lattice parameters a and c as
well as the c/a ratio. Between 6 and 290 K the lattice ex-
pands in a (da/a=2.5%107%) and in ¢ (6c/c=1.26X1073),
corresponding to a volume change of 6V/V=6.26X%1073.
The volume expansion of the unit cell is displayed in Fig. 5.

The atomic position parameters of Zr and Mn show no
dependence on temperature within experimental error (Fig.
4) whereas the overall atom displacement increases with

I dilatometry o
i O neutron diffraction |
> | 2
= | | 2x0° |

0 50 100 150 200 250 300
Temperature (K)

FIG. 5. Volume expansion of ZrMn, as determined from a
dilatometer measurement on a polycrystalline sample (line) in com-
parison with the volume expansion determined by neutron diffrac-
tion (symbols).

PHYSICAL REVIEW B 74, 224109 (2006)

45
® Zr0 2crucib[e
44 fit by Eq. (1)
2
= 0.9996
34
4 =-125.6743.77
42 4 =0

g 417 o A0, crudivie
2 404 —2— - fitby Eq. (1)
= R® = 0.9996
T 39HA = -140.4215.18
B = -676.1£343.6
38qc - 2330528654
374 D = 4394°%
36 T T T T T
0.00 0.01 0.02 0.03 0.04
Al mole fraction of Zr

FIG. 6. Measured integral enthalpy of formation of liquid dilute
binary Al-Zr alloys due to dropping of solid Al and Zr at 298 K into
liquid Al at 1409+5 K. “a” in the figure refers to Ref. 25.

temperature as expected. A weak additional impurity Bragg
peak at a d spacing of 0.69 nm is present in the 293 K as
well as in the 6-K data. There are no indications of extra
magnetic peaks or additional magnetic scattering on top on
nuclear Bragg peaks at high d spacings within the experi-
mental error.

VI. THERMAL EXPANSION

The thermal expansion has been measured using a capaci-
tance miniature dilatometer>* on a bar-shaped polycrystalline
sample with a sample length of 1.39 mm. The force onto the
sample was minimized using a very thin spring of only
0.02 mm thickness. For the run shown by the line in Fig. 5
the error bars are about the thickness of the line.

The thermal expansion of ZrMn, (shown in Fig. 5) re-
sembles that of a typical metal and does not indicate any
phase transition in the temperature range between 4 and
300 K. The magnitude of the expansion is only slightly
smaller than expected from the temperature dependence of
the lattice constants (shown by the symbols in Fig. 5) indi-
cating that in the polycrystalline sample there exists some
preferred orientation of the grains (c axis preferred along the
measurement direction).

VII. CALORIMETRIC EXPERIMENT
A. Experiment

The heat of dissolution of Zrj o¢Mn, o4 as well as of pure
Zr was measured using an isoperibolic calorimeter by drop-
ping the solid samples at room temperature (i.e., 298 K) into
liquid aluminum at a temperature of 1409+5 K. The mea-
surement procedures and the method of evaluation of the
integral enthalpy of formation of liquid dilute alloys referred
to standard temperature (298.15 K) were described in our
previous paper.>> The value for the enthalpy change upon
heating of pure aluminum from room temperature to
1409+5 K (AH}40%,)) was adopted from the Scientific Group
Thermodata Europe (SGTE) data for pure elements.” Note
that this value is required for determination of a calibration
factor (heat equivalent) of the calorimeter used.
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FIG. 7. Integral enthalpy of formation of liquid dilute ternary
alloys due to dropping of solid Al and Zr9sMn, o4 at 298 K into
liquid Al at 1409+5 K: points are experimental data; lines result
from fitting by Eq. (1).

B. Results and discussion

The calorimetric results concerning the enthalpy of for-
mation of liquid dilute binary Al-Zr alloys and dilute ternary
Al-Mn-Zr referred to 298.15 K are shown in Figs. 6 and 7.

Dropping samples of pure Zr (see Fig. 6) and Zr, gsMn, o4
(see Fig. 7) into liquid Al leads to exothermic reactions. The
obtained integral values could be fitted properly using the
following thermodynamic adapted power series:

AH=x(1-x)(A+Bx+Cx?)+ (1 =x)D, (1)

where A—C are fitting parameters and D corresponds to
AHgg’gAl according to Ref. 25. The coefficient A denotes the
enthalpy of dissolution of the substance i at infinite dilution

(AiHY). The parameters A of Eq. (1) as determined by
least-squares analysis are given in Table II.

1. Enthalpy of dissolution of Zr in liquid Al at different
temperatures

The results obtained in the present work for the enthalpy
of dissolutions of Zr can be compared with the literature data
from various authors measured at various temperatures.

For this purpose, the enthalpy changes upon heating of Zr
using the database of Ref. 25 were subtracted from the ap-
propriate parameters A (see Table II) to refer them to equal
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FIG. 8. Comparison of the enthalpy of dissolution of Zr in pure
Al measured in the present work [PW] with literature data (Refs.
26-34). Lines result from fitting by Egs. (2) and (3). Data points
refer to liquid Al and solid Zr, respectively.

reference state and the obtained results are plotted as a func-
tion of temperature in Fig. 8.

Several papers deal with the dissolution of Zr (Refs.
26-32 and 34) in liquid aluminum by calorimetry. The data
of Batalin et al.3? obtained at 1773 K differ strongly from
values of Refs. 30 and 31 and lead to an enormous tempera-
ture dependence of the dissolution enthalpy of the elements.
Therefore values of Ref. 32 were not taken into consider-
ation. The data obtained for dissolution of Zr using alumina
crucibles are more negative than values measured in zirconia
crucibles, probably due to a reaction between the Zr sample
and the alumina crucible.

For this reason the data obtained in alumina crucibles
were not taken into consideration. The remaining data were
fitted vs temperature in the given temperature range as

AHY =—-181.5+0.0133T. (2)

2. Enthalpy of formation

The enthalpy of formation of ZrMn,,, at 298 K was
evaluated using the values of parameters from Table II as

TABLE II. Values of fitting parameter A of Eq. (1) (A is equal to partial enthalpy of dissolution in pure

Al at infinite dilution, A ;,HY).

A or AHgmi Error A (20)
Sample (kJ mol™") (kJ mol™") Reference

Al 43.94 25

Mn —-6.84 0.08 35

Zr -140.42 5.19 Al O3 crucible,
present work

Zr -125.67 3.77 ZrO, crucible,
present work

Zry.9sMny o4 -67.97 2.46 present work
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DoogHO = 2 i yigsHY = A gissHeoprps 3)
i

where Adl-sfl? denotes the first partial enthalpy of dissolution
in Al of 1 mole of pure substance. n; is the number of moles
of a substance in an intermetallic compound and Adml:lgOMP
is the first molar enthalpy of dissolution of the intermetallic
compound in aluminum. The standard error (20) of the en-
thalpy of formation of the intermetallics was evaluated as

20= \/E (nE)* + EzCOMP’ (4)

where E; and E oy p denote the 20 error for the Adisslrl? and

Ad,»mI:IgOMP, respectively. The results of the evaluation is
summarized in Table III. The obtained experimental value is
in good agreement with the ab initio calculated value of
—-60.9 kJ/mol (Ref. 15).

VIII. TRANSPORT PROPERTIES

The temperature-dependent electrical resistivity p(7) of
polycrystlline samples is displayed in Fig. 9. ZrMn, behaves
metallic in the temperature range studied. p(7) smoothly var-
ies from roughly 195 w{lcm at room temperature to
44 pQ) cm at 4.2 K. Although p(T) of ZrMn, resembles fea-
tures of simple metals, the standard Bloch Griineisen law
cannot satisfactorily be applied to describe p(7) in the whole
temperature range. Particularly the low-temperature range
(T<10 K) deviates significantly from simple metals, and
within a first approximation there is a power law according
to p=po+AT" with n= 1.1 (compare inset, Fig. 9). Normally,
simple metals behave at low temperatures like 7°. The ob-
served exponent n= 1.1 originates probably from scattering
of the charge carriers on the frustrated Mn moments.

IX. HEAT CAPACITY

Specific-heat measurements were carried out on samples
of about 1 g in the temperature range 10—170 K employing
a quasiadiabatic step heating technique. The temperature-
dependent specific heat C,(T) of a ZrMn, polycrystal is
shown in Fig. 10 as C,(T)/T vs T. In the temperature interval
from about 10 K up to 20 K, ZrMn, exhibits a regime where
the specific heat C(T) behaves like that of a normal metal
with C(T) ~ yT+ BT>+ 6T° revealing a rather large Sommer-
feld coefficient y=50(5) mJ/mol K2. All three coefficients

TABLE III. Enthalpy of formation of the intermetallic com-
pounds referred to 298.15 K. Note: The enthalpy of formation is
calculated for one formula unit given in the first column.

AzggHo Error (120')
Compound (kI mol™!)  (kJmol™!) Reference
TiMn, -86.76 6.79 35
Zry.96Mny o4 —-66.63 4.44 expt. present work
ZrMn, -60.9 calc. (Ref. 15)
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FIG. 9. (Color online) Temperature dependence of the electrical
resisitivity of ZrMn,.The inset shows the low-temperature resistiv-
ity of ZrMn, plotted as p vs T'!.

are of course modified by the magnetic low-temperature con-
tributions, in particular $=3.5X 107 J/mol K* and 8=1.25
X 1077 J/mol K®, and thus not suited for an analysis in terms
of the Debye model.

From the ab initio calculated phonon DOS,® the phonon
heat capacity C, can be derived from the equation

oo

B fw 2 exp(hwlkgT)
Co(T) =k fo dwg(w)(kBT> lexplialky) - 177 )

where g(w) represents the phonon density of states (DOS) as
a function of frequecy w. The result of this calculation is
shown in comparison with the experimental data in Fig. 10.
The C14 FM ab initio result agrees better with the experi-
mental data.

T L T
oaf =2
-— CI4FM
(\IA — CI4NM
E 0.3
o
£
=~
3 o2
o
O 01
0
L | s | s
0 100 200 300
T(K)

FIG. 10. (Color online) Experimental specific heat of ZrMn,
(data points) in comparison with the calculated phonon contribution
for the nonmagnetic and ferromagnetic C14 type of structure
(lines).

224109-7



ROTTER et al.

X. NEUTRON SPECTROSCOPY

Inelastic neutron scattering on powder was used to deter-
mine the phonon density of states (PDOS) for ZrMn, as a
function of temperature in order to investigate the possibility
of a transition in the lattice dynamics of the system that may
be associated with a change in lattice structure. The spec-
trometer MARI (at the ISIS spallation source, Rutherford
Appleton Laboratory) was used as it provides continuous
coverage of Q space. A powder sample was mounted in an
annular geometry inside a closed-cycle refrigerator. An inci-
dent energy of 75 meV was used for this investigation. In
order to identify any changes in the lattice dynamics we
measured spectra at five temperatures from 15 to 250 K.
From the measured double differential scattering cross sec-
tion do/IQIE" the scattering function S(Q,E’) was calcu-
lated according to

Jo
IQOIE’

=SS, ©)

In this equation k denotes the wave vector of the incoming
neutron and k" (E') the wave vector (energy) of the scattered
neutron. The data obtained in this way are shown in Fig. 11
and can be compared to the results of the ab initio calculated
phonon density of states.

The phonon dispersions and phonon densities of states for
the C14 structure were derived by making use of the direct
method'>’ based on supercells with periodic boundary con-
ditions. This approach relies on accurately calculated forces
but is independent of the actual ab initio method. The forces
are computed for independent displacements required by the
symmetry of the unit cell. Displacement amplitudes of
0.003 nm were chosen. For the calculation of the force con-
stants for the C14 structure the corresponding supercells con-
tain 36 and 24 atoms, and a 3 X 3 X3 k-point grid was ap-

10 . ; . : . Y .
—— 15K |}
] - - 140K
8 } = - 200K H

intensity (mb/str/meV/fu)

Energy transfer (meV)

FIG. 11. (Color online) Normalized and background-corrected
inelastic neutron-scattering spectra of ZrMn, taken at MARI with
an incident energy of 70 meV at different temperatures. The data
shown correspond to the scattering function S(Q,E) and have been
averaged over @ from measurements in the Q range of
3.4-107 nm.
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FIG. 12. (Color online) Phonon density of states as calculated
from the time-of-flight neutron spectra (MARI, ISIS, UK) in com-
parison with results of ab initio models.

plied. Phonon calculations were done for nonmagnetic as
well as ferromagnetic cases.

In ZrMn, the coherent and incoherent neutron cross sec-
tions are of comparable magnitude. In the following analysis
of the spectra we will assume that the powder average of the
polycrystalline cross section gives similar scattering to the
incoherent phonon spectrum.

In order to directly compare the calculated phonon density
of states with the experimental data, for the calculated PDOS
the unit [1/(THz f.u.)] must be converted into mb/(meV
steradian f.u.) by

1 (2 X PDOSy, X oy PDOSy, X a’Zr>
+ 9

PDOS, zpn. = ——
ZM = DA g My, My,

(7)

where PDOSC,ZrMn2 is the converted total phonon density of
states in the unit of mb/(meV steradian f.u.), PDOS,,, and
PDOS,, are the calculated phonon density of states of Mn
and Zr in unit of 1/(THz atom), respectively. oy, and o, are
the total bound scattering cross sections (oy,=2.15b
=2150 mb and 0,,=6.46 b=6460 mb). My, and M, corre-
spond to the atomic weight of 54.93 and 91.422 for Mn and
Zr, respectively. The resulting PDOS was convoluted with
the experimental resolution, a Gaussian with a full width at
half maximum of 0.6 meV. In Fig. 12 the calculated PDOS
is shown by curves for C14 nonmagnetic (NM) as well as
ferromagnetic (FM) ZrMn,.

One may derive the neutron cross section weighted pho-
non density of states from the measured scattering function
S(Q,E') according to

B S(QO,E"hw » m

PDOS, 7, = 3 (8)

() +1] " #>’
where n(x) denotes the temperature factor and x:,%“} (kg is

Boltzmann constant), the unit of nuclear mass m,, is the con-
stant of 1.660 56 X 1077 kg, and % is Planck’s constant of
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6.5822X 1071 eV s=1.054 59X 1073 Js. In Eq. (8) the
Debye-Waller factor has been neglected. The symbols in Fig.
12 show the PDOS as determined from the neutron spectra
for three different temperatures. This experimental PDOS
shows little variation as a function of temperature as ex-
pected due to the correction for the Bose factor n.

There are two anomalous features in the PDOS for
ZrMn,. (i) The modes at 23 meV and higher energies are
predicted to be at higher energies from the ab initio model,
both from the FM and for the NM calculation. (ii) From the
NM calculation two features below 15 meV are predicted,
which are not seen in the experiment. The FM calculation
does not show such pronounced features and agrees better
with the experimental data.

XI. SUMMARY AND OUTLOOK

Magnetic and structural polymorphism is predicted by ab
initio calculations for the Laves phase compound ZrMn,.
The C14, C15, and C36 structures should have very similar
enthalpies of formation. A phase transition from the C14 to
the C15 structure is predicted at 160 K. Therefore structural
properties have been determined by single-crystal and pow-
der x-ray diffraction as well as neutron powder diffraction
indicating that the C14 crystal structure is stable down to a
temperature of 4.2 K and up to an applied pressure of
56 GPa. No evidence for the magnetostructural degeneracy
predicted by the ab initio calculations can be found in the
experimental data. The enthalpy of formation has been mea-
sured in high-temperature drop calorimetric experiments.

PHYSICAL REVIEW B 74, 224109 (2006)

The bulk modulus and enthalpies of formation of ZrMn,
are found to be 150 GPa and —66.6 kJ (mol of f.u.)™!, re-
spectively, in nice agreement with the ab initio calculated
results. The bulk thermal expansion has been measured using
a miniature capacitance dilatometer and resembles that of a
typical metal. However, the temperature-dependent electrical
resisitivity shows that there is a power law with n=1.1 at
low temperature quite different from simple metals which
originates propably from scattering of the charge carriers on
frustrated Mn moments.

The phonons have been investigated in detail by compar-
ing results of ab initio calculations with neutron spectra and
the experimental specific-heat data. Although experiments
did not deduce any phase transition in ZrMn,, from the spe-
cific heat and the phonon spectroscopy we can see that the ab
initio data of C14 FM are in better agreement with the ex-
perimental data than those of C14 NM. This demonstrates
that ZrMn, has very special spin correlations beyond FM
cases, which the standard GGA spin-polarization calculations
can treat. We suggest a further study including strong spin
correlations (i.e., spin fluctuations or spin-geometry frustra-
tion).
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