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The MnAs compound shows a first-order transition at® 42 C, and a second-order transition at¥ 120
C. The first-order transition, with structural (hexagooghorhombic), magnetic (FM-PM) and electrical con-
ductivity changes, is associated to magnetocaloric, ntagtestic, and magnetoresistance effects. We report
a study in a large temperature range frerh96 up to 140 C, using they — ~ perturbed angular correlations
method with the radioactive prod€Br—""Se, produced at the ISOLDE-CERN facility. The electric field
gradients and magnetic hyperfine fields are determined stmedirst- and second-order phase transitions en-
compassing the pure and mixed phase regimes in cooling atthhecycles. The temperature irreversibility
of the 1st order phase transition is seen locally, at the s@omic scale sensitivity of the hyperfine field, by its
hysteresis, detailing and complementing information iolet with macroscopic measurements (magnetization
and X-ray powder diffraction). To interpret the resultspbyfine parameters were obtained with first-principles
spin-polarized density functional calculations using ¢femeralized gradient approximation with the full po-
tential (L)APW+lo method (WEN2K code) by considering the Se probe at both Mn and As sites. @ cle
assignment of the probe location at the As site is made angleonented with the calculated densities of states
and local magnetic moments. We model electronic and magpegperties of the chemically similar MnSb and
MnBi compounds, complementing previous calculations.

PACS numbers: 31.30.Gs,71.15.Mb,75.50.Cc, 76.80.+y

. INTRODUCTION

The magnetic compound MnAs has been intensively studiedesi exhibits a magnetocaloric efféatinder hydrostatic pres-
surée, as well as when doped with metafsmaking it an interesting material for magnetic refrigematpplications. Moreover,
it can be grown as epitaxial films on Si and GaAs substtatelsere applications such as a source for spin injection ritake
promising use for spintroniés

In parallel, it is a material with theoretical challengesthis front some first-principles studies are directed to¢bmpound,

e. g. see ref§1% The orthorhombic phase is usually considered paramaghetivever it does not follow a Curie-Weiss law and
it has also been considered to be antiferromaghetilso of interest is the existing magnetoresistance effdith is attempted

to be related to the CMR found in the perovskite mangahitesid a remarkable spin-phonon coupling found crucial to the
magnetostructural transitiéh Its particular coupling of magnetism and structure hasitiee origin of macroscopic modéts

for magneto-volume effects.

At low temperatures, MnAs is ferromagnetic and it has a Niyyge structure. This structure, with space gragzmmec
(194), has Mn and As atoms at coordinaté$,0) and (1/3, 2/3, 1/4), respectively, with two formula units per unit cell. On
heating, at about0 C, it undergoes a first-order phase transition, with a diSoaous distortion to the orthorhombic MnP-
type structure, with a parallel discontinuous change ofina, loss of ferromagnetism, and a metal-insulator tremsitThe
orthorhombic distortion continuously disappears whentihgauntil about125 C where it undergoes a second-order phase
transition to the NiAs-type structure with a paramagndtges now following a Curie-Weiss law.

Thermal hysteresis is measured in this transition: on hgathe hexagonatorthorhombic phase transformation occurs at
temperatures &, ~ 40.5 — 42.5 C, while on cooling this transformation occurs at T ~ 33.9 — 37.9 Ct3=1/ (variations
in different studies are probably resulting from small ei#nces in the stoichiometry of samples). Phase coexestena
temperature interval of approximatelyC is reported by neutron and X-ray diffraction measurendéats The orthorhombic
B31 structure, with the space groutnma(62), has coordinates for Mn and As atoms @b05, 1/4, 0.223) and (.275, 1/4,
0.918), respectivel¥®.

The lattice constants of the hexagonal phase at room tetoper@res = 3.722, ¢ = 5.702 A, and changes ta = 5.72,

b = 3.676 andc = 6.379 A in the orthorhombic phase (with four f. u. per unit cell) heffirst-order transition correspond to a
volume loss of 2%.
We report a study in this compound using- v time differential Perturbed Angular Correlation (PAC) sppescopy (see e.
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g9 for details), to our knowledge the first use of this nucleahtéque in the compound. Since PAC measures the combined
hyperfine interactions - magnetic hyperfine field (MHF), afeteic field gradient (EFG), the sensitivity of its atonsicale
measurements allows the study of the atomic environmeradwasction of temperature.

Other hyperfine interactions techniques have been usetiéostudy of MnAs and related compounds in previous studies.
Using Mossbauer spectroscopy with fi€e probe at 0.25 at% concentration, Kirchschlager&détect a quadrupole splitting,
which they interpret on the basis of motion of the probe atdms$they do not measure magnetic hyperfine field. Also using
TFe impurities as probes, in the related MnAsFe, compound?, with z = 0.01, 0.03, and0.15, Abdelgadir et al. reported
measurements involving the first-order transitiodat; = 2 C (for z = 0.01), where they also detect an unusual dependence
of the magnetic hyperfine field. NMR spectroscopy has also peeformed at 4%, and in the range from-190 up t038 C,
with double signals from both Mn and As atoms, where a resoamanomaly was observedsat—50 C as due from atoms at
the domain wall€.

Our work studies a temperature range frorto 140 C and liquid nitrogen temperature {96 C). Measurements are made in
the first-order phase-transition region and above, passtgecond-order phase transition (sedtiod 11 C). The teatpe range
near the first-order transition is studied in more detattisa[llD). X-Raw powder diffraction and magnetization rseeements
are also performed and its results are compared with PAQtsesu

The experimental results are complemented with densitytiomal theory calculations of the hyperfine parametelisgihe
full potential mixed (linear) augmented plane wave plualarbitals (L)APW+lo method. In order to improve and commpént
other first-principles studies, we also show calculatidistioer properties, and for the chemically similar mangarpsctides
MnSb and MnBi.

II. EXPERIMENTS
A. Hyperfine Parameters

The two quantities of interest to the physics of MnAs that banobtained from the PAC measurements are the electric
field gradient (EFG) and the magnetic hyperfine field {B The EFG is measured from the hyperfine interaction betveeen
charge distribution with non-spherical symmetry and thelear quadrupole moment Q. The measurement of the qua@rupol
interaction gives the EFG, depending on the accurate krigelef the probe’s quadrupolar moment. The EFG is definedeas th
symmetric traceless tensor with components taken fromebersl spatial derivatives of the Coulomb potential at thelaar
position. In the principal axis frame of reference, the comgnts of interest are )V and the axial symmetry parametgrwith
V.o| > |Vyy| > |Vae| @andn = (Ve — V,,y)/ V... The observable frequency with PAC depends on the quadsupallear
moment and electric field gradient in the following way:

2w . eQV,,
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where! is the nuclear spin andl = 6 for half-integer spin.v is called the “reduced frequency” of the interaction and is
independent ofy and/.

The magnetic hyperfine field, arising from the dipole-digateraction between the nuclear magnetic moment and the mag
netic moment of the extranuclear electrons, can be exptdsse

W ,forn =0, @

By = ——, (2)

wherepu y is the nuclear magnetop,the g-factor andv;, the observable Larmor frequency. For interpretation ofpthesical
origin behindBj,, it is usual to decompose it in four terms:

Byy = Bc + Bory + Bspin + Biaut, ®)

where B¢ is the Fermi contact interaction, of the electronic spingitynat the nucleus with the nuclear magnetic moment,
Bor» and By;, are the contributions of the magnetic interaction due toefleetronic orbital momentum and electronic spin
momentum, respectively, argi,; is a contribution from the other atomic orbitals in the tiusually negligible.

The intrinsic inhomogeneities and remaining distribusiarf point defects lead to the damping of the experimental PAC
spectrum, which is simulated by a Lorentzian function cbindzed by the (width) parameter.

B. Experimental details and sample preparation

A mixture of radioactive isobars of magg, ""Kr, 7"Br and""Se were produced at the ISOLDE isotope separator online
facility at CERN, and implanted at 30 keV to a dose of appratiety 1016 atoms/nd in MnAs samples at room temperature.
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After waiting for the decay of ’Kr (¢, &~ 74 min.) for 12 h, the PAC experiments have started on the decdy®fto ""Se,
after annealing, as described.

One test sample was measured as implanted, but the ressfitaogrum was highly attenuated due to implantation defects
Subsequently, a first annealing ste@@ C for 200 s was done in vacuun3 (x 10~* mbar), followed by a fast quench to room
temperature for both samples, after which the spectra antistly improved.

They — ~ cascade of "Br—77Se is shown in figurEl1. The hyperfine interaction is measuretd 9.56 ns, 249.8 keV,

I = 5/2 intermediate state of the cascade, with quadrupole mo@entl.1(5)b, and magnetic moment = 1.12(3)un24.

The directional correlation of the decays is perturbed ke Higperfine interactions and the experimental anisotrofg ra
function R(t), which contains all of the relevant information, is expegsas a function of timel,, R(t) = Y AprGri(t),
where Ay, are the anisotropy coefficients, depending on the spin arltipolarity of the v decays, and~x(t) contains the
information of the hyperfine parameters. Due to the solideaagenuation of the detection system the anisotropy isaed,
and the effective experimental anisotropy was found to pes —0.13(1). The long half-life of the parent isotogéBr, 57 h,
and the relatively short half-life of the intermediate statllowed us to perform several measurements with a vergl goe to
chance coincidence ratio from a single implantation shot.

The PAC-spectrometer, a high efficiency setup of six Bd€tectors, provide30 coincidence spectra from 180° and24
from 90° between detectc?y).

C. 1stsetof PAC experiments

The obtained PAC experimental functioR$t) and the respective Fourier analysis are shown in figures Band

The spectra were fitted using a numerical algorithm thatutales the hamiltonian of the interaction to obtain the nedign
By,s and quadrupole EFG parame#rsFigs[2 andB also show the Fourier analysis of &e) functions for all temperatures
measured.

Table[l shows all fit parameters obtained at the differenpienatures, in the chronological order of measurementsvesst
the last two measurements, the sample was heated to 100l 86 C measurement is made on cooling.

The fit procedure can consider several fraction§ 8 nuclei interacting with different hyperfine fields due iftedent local
environments. For the ferromagnetic case the fits mainlgakermuclei interacting with a magnetic field. Additionallyrfall
phases, a fraction must be considered&e nuclei interacting with a strong (Eg&istribution, that we attribute to nuclei on
defect regions of MnAs which could not be annealed. Thistivaovas firstly allowed to vary, but the quality of the fit istno
very sensitive to its value. In the final fits we constrainad #alue to the average of all previously found valugs= 22%.

Upon the transition the magnetic interaction vanishes asidva frequency, due to the orthorhombic phase EFG is regeale
The limited time window and low quadrupole moment makesfftailt to measure the EFCGparameters of the orthorhombic
phase with high precision. Even in the most accurate meamns it can be fitted reasonably in a large range. On the other
hand, the stronger ER®f f; = 22% has a large damping which also makes its accurate deteiomrdifficult. Therefore, in
the present experiments, the asymmetry parameierg were set to zero, since large variations produce small adwimgthe
results. On the other hand, this procedure agrees with thétfat the hexagonal and weakly distorted orthorhombiasgiries
produce very small axial asymmetry parameters. The freqjueg, was also fixed in an average value.

The magnetic phase, characterized by a well defined magmgtierfine field, could be characterized also by a very small
EFG. The fit program properly handles this problem by resglithe Hamiltonian for the combined interaction. In the hessu
we present only a pure magnetic interaction, since with abioed interaction the EFG () would have to be very small
in this phase and cannot be properly disentangled withirskioet analysis time o5 ns. We estimate a majorant fo, <
1 x 102'V/m?, above which the quality of the fit would significantly degead

The obtained V., attributed to the orthorhombic phase is less thanx 10%'V/m? at all temperatures measured.

The frequencies and Lorentzian widths are similar for the whole temperature range in this phaseveder, we point that
before the experiment performed at 141 C during six hour&.E¥hows a relevant attenuation @f ~ 300 Mrads™!. After
this measurement the attenuation was considerably recarmbthe characteristic ERarameters attributed to Se interacting
with defects of MnAs have considerably changed. Both maatifims compare well with what is observed in the second set of
PAC experiments immediately after the 600 C annealing stépthink this is evidence for an incomplete annealing that wa
compensated during the lenghty six hours measurement a£141

The EFG parameters measured at 141 C, above the secondbedertransition, shows a very low Vas expected from the
NiAs-type structure, and there is no hyperfine field sincesdraple should be paramagnetic, following a Curie-Weissdaw
this temperature.

The measurement at 35 C shows a lower amplitude of the R(t}imdue to the coexistence of hexagonal and orthorhombic
phases. Still, there is a stronger attenuation of the magfiedt! that can correlate with the dynamics of the phase istexxce.

The first-order transition reported in the literature wheating is clearly seen in the PAC spectra at approximdtz(y with
the disappearing magnetic hyperfine field when measurifg @t
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The fact that the spectrum measured b C (when raising T, figi12) and the spectrum measuretii & (when lowering
T, fig.[d ) are markedly different, shows that the hystereghdvior of the macroscopic magnetization usually measisratso
present at the microscopic-local like hyperfine field.

D. 2nd set of PAC experiments - First-Order Transition

A detailed study of the first-order transition has been dam®@ing the following order, on a second sample: 21.1,,40.8
41.3,42.3,43.5, 124.5 (raising temperature); 41.4, 3% %, 36.6, 33.3, 32.5, 29.9, 13.3, -196 C (lowering temjpee

The first five PAC measurements, done when heating the safrmpie room temperature, to above the first-order transition,
are shown in figurgl4.

The five measurements, done when cooling the sample, froBit@8.3.3 C, also passing the transition, are shown in figure 5.

The measurements done when cooling the sample above the phasition (41.1, 39.5, 37.5, 36.5 C), coming from a high
temperature (124.5 C), are not included, since those spaarsimilar to the first spectrum in figlide 5, at 36.6 C.

A last measurement performed with the sample at liquid gérotemperature is shown in figliie 6.

In a similar way to the preceding section, the fits were donssidering a magnetic hyperfine field and low EFG, which
are characteristic of each phase. For the reasons alretaiieddhe asymmetry parameter is set to zero for all EFGd tlag
fraction attributed to defect and orthorhombic frequeseire fixed in average values. Also, an additional EFG cheniaet! by
a quadrupole interaction afy ~ 176 Mrad.s ™%, V., ~ 6.4 x 10%! V/mZ, is found that accounts for 30% of the probe nuclei in
perturbed environments of the sample, still remainingraftaealing.

The values of all fitted parameters can be found in table II.

As can be seen by the changes in the spectra, the transfonsaticur neaf - ; ~ 42.3 — 43.5C andT¢ 4 = 30 — 32.6 C.
Therefore we estimate the thermal irreversibility to bentsstn 10-13.5 C. This hysteresis is somewhat larger thamepatted
in other works by X-ray and magnetization measurements {#§¢&'.

Figure[T shows magnetization measurements on the sameesawigh a vibrating sample magnetometer with= 0.01 T,
showing To; = 45 C and To,4 = 30.7 C. The abrupt change over 2 C,zat44 C, when heating (see figl 7), is in agreement
with the hyperfine field changes measured abts/g C.

As in the first set of PAC measurements, there is a hyperfirtediie24 T just before the transition. Then the magnetic phase
disappears in a small temperature interval, as shown ingbets of figuré ¥ at2.5 and44.6 C. This shows no continuous
decrease of the hyperfine field to zero before the transitidate that this conclusion cannot be learned from macroscopi
magnetization measurements only (see fifilire 7), where thyaetiaation can be seen to decrease to zero, since juselibtor
ferromagnetic to paramagnetic phase transition and witrentemperature difference of 1 C, only a very small variatid
the hyperfine field is observed. This clearly shows that thgnatization changes are mainly the result of changes inephas
fractions, instead of thermal disorder.

Figure[8 shows the hyperfine fields obtained, where the agretfior both experiments can clearly be seen.

Notice that the attenuation of the hyperfine fields in thedieragnetic phase increases towards the phase transitigretem
ature. When cooling from high temperature the same beh&viobserved and at liquid nitrogen temperature (- 196 C), no
attenuation is observed. These observations hint at dynamcesses due to spin fluctuations.

At 42 C the amplitude of the magnetic part of the R(t) functionsnimler than at lower temperatures, showing a reduced
fraction of the ferromagnetic phase still present. A fraictdf 60% for the”” Se atoms at the ferromagnetic phase while other
10% show a small quadrupole frequency. This third fractias Y., = 1.08 (n was fixed to zero), corresponding to the value
found for the other fits in the orthorhombic phase. We canlsaythe phase coexistence only occurs in a width of 2.2 C er les
since the measurement below and4t$ C) and above and at§.5 C) show only the ferromagnetic and paramagnetic phases,
respectively. This width is in agreement with previous nueasients of approximatefyC11:18,

The 1st order structure transformation was also probed tsithiperature dependent X-ray powder diffraction studiea in
Philips diffractometer. We performed detailed measuramas a function of temperature, in three selected difloacingle re-
gions, were changes in the transition are easily seen. Phrieg¢ervals were selected, 31.4-32.6,41.8-43.1, and 48 @efrees,
where one peak characteristic of the hexagonal phase @iaepin the transition with the appearence of peaks chaistatef
the orthorhombic phase. In the 31.4-32¢6interval the (101) peak disappears with the appeareand®a) @nd (111) peaks
almost at the same angle. The same situations occur wherd @2¢ peak disappears and (202), (211) peaks appears in the
orthorhombic phase for 41.8-43.1 degrees. For 48.6-50dsgthe (110) hexagonal peak transforms into (013), (§202)
and (301) peaks in the orthorhombic phase. The fit of the p@aksdone simply with gaussian functions, one gaussian éor th
hexagonal peak and another gaussian for the two or moreyfogktlapped orthorhombic peaks. The areas of each peakishou
correspond approximately to the fraction of each phase.

Figure[® shows the fraction of the hexagonal phase obtalmisduvay for the 3 angular intervals. The hysteresis produces
here a difference of approximately 12 C. Magnetization messents show a somewhat higher thermal hysteresis differat
half height, 14 C, which might indicate that the magneticpglimg is disturbed before the hysteresis is completed. hbatal
hysteresis interval obtained from PAC has a large uncéytél®-13.5 C) but is in agreement with both measurements.



Ill. FIRST-PRINCIPLES CALCULATIONS

Knowing the lattice location of the PAC probe is of fundanaminportance to understand the values obtained. After the
decay of 7Br, it is expected that th& Se PAC probe may be substitutional at the As site, since Aslsamilar atomic radius
and a neighbor atomic number. In order to check this assomptid to see the differences in the hyperfine parameterallyctu
measured at the probe site, we have used ab-initio densityifunal calculations.

Despite the existence of some published works reportingpiéib-simulations in this system, the hyperfine parametees
usually not reported. The work of Ravindran e apresents the calculation of the hyperfine parameters ageta-optical
properties, using density functional calculations, oéthmanganese pnictides MnX (with X=As, Sb and Bi). Theiralkions
used the FLAPW method and the electric field gradient and etaghyperfine field were presented. However, as suggested by
A. Svané?, the calculated structures®adre incorrect, since the positions of Mn and the pnictidesvexchanged with respect
to the the stable NiAs-type structure. Recently, calcafetiof the hyperfine parameters in bulk and surfaces of MnAe waiso
reported, and the correct values were obtaihed

Here we also calculate the hyperfine parameters with thdasiruill potential (L)APW+lo method, as implemented in the
WIEN2K cod€®. In this method the space is divided in spheres, centerée @toms, where the valence states are described by
atomic-like functions, and the interstitial space, whdesmp waves are used.

The Mn and As atomic spheres used have both a radig$at.u. . We checked convergency of the hyperfine parameters and
total energy as a function of the number of k-points usedrftagration in the Brillouin zone and the number of plane wsane
the basis. The calculations are spin-polarized and conaiffgromagnetic arrangement of Mn moments. For the célouaksof
hyperfine parameters, spin-orbit coupling is included tiier other properties no spin-orbit coupling is includedhve scalar-
relativistic basis for the valence electrons, while for tdoge electrons the treatment is always fully-relativisttor Mn core
states are 1s, 2s, 2p, and 3s, and valence states are 3pd3t, avhile for As 1s, 2s, 2p, 3s, and 3p are core states ands3d, 4
and 4p are valence states. The PBE Generalized Gradienb®ipmatior?* exchange-correlation functional is used, since the
LSDA is known to give poor results in this compogdad

The calculated EFG of the MnAs sites in the hexagonal phasieawn in the tableTll. Due to the hexagonal symmetig
zero, and the direction of the principal axis of the EFG temnsgarallel to the c-axis. The EFG inside the spheres, wisich
almost equal to the total EFG, can be separated in diffe@mntibutions, since the the states are described in cortibirsaof
spherical harmonics, with different angular momentum congmts. In this case the p-p and d-d contributions of theitjes®
the dominant terms, with & o (1/7%),[1/2(ps + py) — p2] and V¥4 o (1/1%)q[(duy + dy2—y2) — 1/2(dez + dy2) — d.2).

For Mn, V22 = —1.45 and ¢ = —1.70 x10%'V/m?, states with both p and d character contribute to the tot&l.Bfer the As
atoms, the states of p character are the dominant contribufith V2 = 1.27 and ¢ = 0.06 x 102! V/m2. Cutting the 3d°
states out of the density calculation the \at As remains almost the same, confirming that the contahdtom the As filled d
electrons is negligible.

In order to improve the results of the previously mentionedkywe also calculated the EFG at MnSb and MnBi. We discuss
them in sectiof 1V, along with other quantities.

The Fermi contact hyperfine field at the nucleus is calculatét the electron density averaged at a sphere with the Fbam

radius,rr = Ze?/mc?, according to the formulation of Bliigel et3in which ﬁc = %”MBWZM, i. e. the contact hyperfine
field is parallel to the average spin density. The contringiof the contact hyperfine field due to core and valencerelect
density contributions are discriminated in the tables. ‘&mark the fact that while in As the hyperfine field is deterrdine
almost exclusively by its valence contribution, causedHhzypolarization by Mn atoms, the core and valence contobstof
Mn cancel in a large amount. This is due to the core poladrathechanisi#f, where the core hyperfine field in Mn has a
negative sign due to the polarization of carelectrons by thel shell: the majority electrons are attracted to the polagzi
electrons while the minority electrons are repelled, risgiin an excess minority charge at the nucleus. The orpsitigal and
spin dipolar contributions are also calculated. Theseridmritons are small when compared with the contact hypefiate. In
order to see the change due to different lattice parameteteihyperfine fields, we calculated also with the low temioeea
lattice constang®, and the obtained values are almost equal (tables I\ andhi3.simply shows that the collinear spin density
functional theory calculations cannot reproduce tempieeaielated changes based only on the lattice constants.

The previously obtained hyperfine parameters are in rei®agreement with the GGA calculations of Jamal é2aSome
differences are expected, since while their calculati@msider the full theoretical lattice optimization, we ontynimized the
atomic forces keeping the lattice parameters fixed at thergxental values. Relative to their results, for thg @t Mn and As,
small differences of 5% (1.53 against 1.46) and 4% (-3.63at)a3.78) are obtained, respectively. For the hyperfinddithe
differences are -9 (present work) compared with 1 T at theitegsmall absolute difference) , and 24.7 (present work)gared
with 31.8 T at the Mn and As sites.

To compare with the PAC results using the implanted proleepthsence of a highly diluted (ppm) Se probe must be accdunte
for in supercell calculations. The EFG and hyperfine fieldeneaiculated for hypothetical situations where the Se istiuled
at As and at Mn sites using Mgy 1556 /16As and MnSg,15AS; 5,16) supercells.

The results for supercells with Se concentratiori pf6 are shown in the table’VI. The atomic forces were not high, and
were minimized by moving the free atomic coordinates. Thalkohanges in this type of system due to the lattice constant



6

(tabled1V andV) motivated us to keep using the MnAs room terafure lattice constants. The hyperfine field calculatek wi
the Se atom substitutional at the As or Mn sites would be exalgt at OK (disregarding zero-point effects, which shouéd b
smalf®). Our closest measured value is at liquid nitrogen.

There is a good agreement of the measured 49 T at 77K when cedwih the calculated 54.3 T at the As site. In contrast,
for the case in which Se is substitutional at the Mn siB, ;| is too low when compared to the experiment, even near the
transition, and the very high ¥ = 17.4 x 10%! V/m? immediately discards the possibility that the probe is tedahere,
whereas the EFG is very small for As-site substitutionaliS@greement with experiment. The calculation of the forarat
energiesA H; for the two substitutions also indicates this assignment,

AHy = E; 5 — 8 x EMPAS — ige + pas/am (4)
where E;*? is the total energy of theé x 2 x 2 supercell with a Se impurity2* "4 is the energy calculated for the pure
compound, angks. is taken as the total energy of nonmagnétip Se. The chemical potential of As or Mn (according to the
substituted site) is set as the energies of fcc antiferraratgMn and nonmagnetic rhombohedral As. The formatiorrggne
obtained for substitution at the As site is 0.03 eV, whiletfoer Mn substitution it has a higher value of 2.84 eV, confirgriime
hyperfine calculation. However, since Br is the implantexhat if there is no time for relocation between the-Bse decay and
the PAC measurement, the formation energy of Br should betarlirdication. Therefore, we also calculate these foionat
energies, using the energies of supercells of the sameaizbd same substitutions, with Br, and the energy of nonmtgn
solid Br, asu g, instead ofug., in the previous formula. The obtained results are 0.94 e\tife Br at As substitution, and
3.95 eV at the Mn site, again confirming the As substitution.

IV. MANGANESE PNICTIDES

Full potential calculations of the hyperfine parametersathdr properties of manganese pnictides were performedbinR
dran et af, but with the anti-NiAs structure. Here we report the sanapprties as calculated with the FLAPW method, i. e.
the spin magnetic moments, the density of states and thefingparameters, with the NiAs-type structure.

The hyperfine parameters are especially sensitive to thedfptructure. For the atoms of Mn and As, in the true strgctur
V.. = —3.7and1.4 x 10?'V/m?2, respectively, while in the anti-MnAs structurg Y= 0.4 and11.8 x 102'V/m?2.

Table[VIl shows the EFG of the three manganese pnictides.asfimmetry parameter and. Vdirection are omitted, since
they are always 0 and (0,0,1). The EFG of the pnictide siteeeses with increasing atomic number (As, Sb, Bi), which
coincidentally also happens in the work of Ravindran ét &or the EFG of Mn the situation is reversed, in our calcalagiits
absolute value increases, while their results with theriedestructure have a slight decrease ascribed to voluraetsffwhich
cannot be true now.

The spin moments for each atom, calculated inside the LAPN¥érgs, are presented in table VIII. Experimental values and
values obtained from other band-structure calculatioasaso presented. With our calculation, the values obtainedy per
formula unit, are now in a better agreement with experim&iilar calculations (references in table VlIl), which leawsed
the NiAs-structure, get values which are in accordance toesults. consistently lower than experiment.

The spin projected density of states (DOS) for the three maesge pnictides is shown in figurel 10, with energy reference
equal to the Fermi energy. The band structure has been ebthafore for these compounds by several authors. Althchagh t
DOS obtained byis different, coincidentally most of the qualitative fees apply also. Mainly Mn d and pnictide p states
hybridize decreasing the free valags . In both our study and theirs there are large peaks at theatgsstbelow the Fermi
energy, largely due to Mn d states, at approximately -2.5Tél Mn d-states for the down spin are shifted to the condnctio
band. This can be seen in figlird 11, where the important sthesch atom are discriminated in their s, p and d character. T
As s states are nearly isolated between 13 and 10.5 eV betoWwaimi energy. The total number of states at the Fermi level
is 2.51 for MnAs, 2.22 for MnSb, and 1.95 for MnBi. In compans with the anti structure the values are higher, respelgtiv
3.46, 2.78, 2.0% which suggests that the structure is not so stable, as &xpedhe experimental value 8f4 + 0.4 states for
MnSb estimated from specific heat measuren¥éigsalso in agreement.

The magnetic hyperfine field increases greatly from MnSb t@Mdue to the larger polarization from theslectrons at the
nuclear position, which largely increases due to the aalthii s-orbitals of higher principal atomic number, and thet that Mn
in MnBi has the larger magnetic moment, so that it polaribesBi valence electrons. The magnetic moment of the pnictoge
site is very small, so that the core contribution of the hfiperfield is also small. For MnSb, previous NMR measurements
have determined a frequency 260 MHz at low temperatures, attributed to domain wall edge masce#, correspondig to a
hyperfine fieldB;,; = 3.93 T, equal to our calculated value for the bulk. The hyperfine fims been measured in MnBi, at the
Bi atoms by nuclear orientatié¥ B;,; = 94 T, comparing reasonably with our value of 81.8 T.



V. CONCLUSION

We have measured the hyperfine parameters with the pertarigpdar correlation method in MnAs. The hysteresis at the
hexagonal-orthorhombic 1st order phase transition iglgisaen from a microscopic point of view, complementing Xxeay
and magnetization measurements. The hyperfine magneticidithe same at a given temperature, irrespective of cooling
or heating the sample even in the phase coexistence regibis Idcal probe study shows that the magnetization changes
observed are mostly due to a change of phase fractions, whitbe related to XRD studies. We provide a clear demonstrati
of the nature of the first-order phase transition, by miocopsr observation of phase separation at the hyperfine ittters
range (sentitive to approximately less thehA), much shorter than the range of diffraction technique® Méasured phase
coexistence in a small interval of temperatuzeZ), comparable with previous measurements. In contrasther cases, PAC
measurements were able to find very small coexistent regibtvgo competing phases, in a much broader temperature range
than that given by x-ray diffractiéA.

Ab-initio calculations are used to complement the expenimeRealistic simulations of the diluted probe with supérce
calculations show that th€ Se probe, if substitutional, is located at the As site. Thisrimation is taken from the comparison
of calculated and measured hyperfine parameters, and itifiedeby the calculated formation energies. Our resultsagpce
the hyperfine field at low temperature with good quantitatigeeement.

It may be interesting to try an experiment with a probe of higladrupole moment, since in this case the EFG is very small
and has an overlying high amplitude magnetic hyperfine fieghdch makes its accurate determination difficult. Improxesllts
for the compounds MnSb and MnBi, of hyperfine parameters atigmoments and density of states were also presented and
discussed.
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TABLE II: Fit parameters, with temperatures in chronoladicrder, for the 2nd sample. Fraction (%) of the measuredlactions, quadrupolar
frequencywo (Mrad.s '), Larmor frequencw;, (Mrad.s™!), and width of Lorentzian function used in the fitting prooesls (Mrad.s™!). The
magnetic frequencies have an estimated upper limit for ther ef 15 Mrad.s*. f; and corresponding frequency were fixed at an average
value, as wasi2. H = hexagonal ferromagnetic, O = orthorhombic.

T(°C)| f1| wri |o1| f2|woz| o2 | f3|wos |03
21.1(70/619|3|-| - | - |30/{176|23
40.8 |70{ 5109 |- | - | - |30{176|22| H
41.3 |70{ 499 |12| - | - - 130{176|18
42.3 |40| 495|10|30| 28 | 20 {30{176|10{H+O
435 | - - - |70| 28 | 24130|176| 9
1245| - - - |70| 28 | 26 |30|176|27
414 | -| - |-170|28|36|30{176(17
395 - - - |70| 28 | 46 |30|176|24| O
375 - - - |70| 28 | 47 |30|176|22
345 |-| - |-17028|29|30{176|14
333 |-| - |-170|28|197|30{176|73
325 - - - |70| 28 | 20|30|176|11
29.9 |70/ 5719 |- | - - 130({176|48
13.6 |70 6484 |-| - | - |30/176{98| H
-196 |70{1050 0| - | - | - |30| 57|29

TABLE lIlI: Calculated electric field gradient of MnAs, at thexagonal phase, with room temperature lattice constan®722A, c=5.702
A.

Atom V.. (102'V/m?) 5 V.. dir.
Mn 3630 (0,0,1)
As 153 0 (0,0,1)

TABLE IV: Calculated hyperfine Fields of MnAs (T): room tempture lattice constants: a=3.782¢=5.702A, hexagonal phase.

Atom B¢ core valenceB,,, Buaip
Mn -6.5-39.3 328 0.5 -3.0
As 250 04 245 -01 -0.2

TABLE V: Calculated contact hyperfine field of MnAs (T): lonntperature lattice constants: a=3.782c=5.678A, hexagonal phase.

Atom B¢ core valence
Mn -6.1 -38.7 325
As 255 0.4 35.1
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Se at As site
V..(10*'V/im?) V.. dir.
-0.27 0 (0,0,1)
B¢ core valenceBors Baip By, total (T)
56.6 0.4 56.2 -2.1 -0.2 54.3
Se at Mn site
V..(10*'V/im?) V.. dir.
17.80 0 (0,0,1)
Bc core valenceB,r, Bqip —— By total (T)
-23.1 -22.9 -0.2 34 -18 -21.5

TABLE VI: Hyperfine parameters with Se probe substituticsizthe As or Mn sites in MnAs.

TABLE VII: Electric field gradient of MnAs, MnSh and MnBi, p-and d-d contributions in the atomic spheres.
Compound Atom V. (10%'V/m?) v2;? vizd

MnAs Mn -3.63 -1.45 -1.70
As 153 1.27 0.06
MnSb Mn -3.92 -1.40 -1.97
Sb 4.67 3.97 0.10
MnBi Mn -4.43 -1.91 -2.49
Bi 9.46 9.44 0.21

TABLE VIII: Total magnetic moment for MnX (X=P, As, Sb, Bi) ithe cell and magnetic moments inside the Mn and X LAPW sphéares
units of up/formula unit. Previous experiments and calculations aregared with our results.

102*V/m? Compound Mp X, MnX,
MnAs(present work) 3.29 -0.14 3.17
MnAs(exp.) -0.2&° 3.40%°
MnAs(theory) 3.1¢
3.14 -0.08 3.0%
3.18 -0.13 3.1%
MnSb(present work) 3.44 -0.14 3.34
MnSb(exp.) -0.3f  3.588: 3504
MnSb(theory)  3.34 -0.07 3.2%
3.35 -0.032 3.3%
3.30 -0.06 3.2%
35 -0.17 3.3%¢
MnBi(present work) 3.49 -0.11 3.42
MnBi(exp.) 3.828: 3.84°: 3.9
MnBi(theory) 3.71 -0.10 3.6%

3.50 -0.02 3.58
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TABLE IX: Fermi contact hyperfine Fields of MnAs, MnSb, and Bincore and valence contributions, orbital and dipolardr§ipe fields
().

Atom B¢ core valenceB,,, Buaip

Mn -6.5 -39.3 328 05 -3.0
As 250 04 246 -01 -0.2
Mn -85 -415 33.0 1.2 -28
Sb 306 -20 308 0.1 -05
Mn -58 -42.1 36.3 3.6 -2.8
Bi 826 -1.2 838 0.2 -1.0

ty,=57 h 778y

EC, B*

77Se

Y, =755.4 keV

I=5/2, t,,, = 9.56 ns
y2=249.8 keV

FIG. 1: Diagram of they — ~ decay cascade 6f Se, with the properties of the relevant intermediate isamtapd of the decay from the parent
isotope”” Br by processes of electron capture and positron emission.
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FIG. 8: (Color online) Hyperfine field of the main fraction u@mperatures, excluding the value at -196 C. Circles forsmeanents when
and last (when cooling) measurements at the orthorhomlaisgoh
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FIG. 9: (Color online) XRD Fractions of the total area cop@sding to the peaks of the hexagonal phase, at ttfréetervals.
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FIG. 10: (Color online) Total density of states for MnAs, Mn@&nd MnBi in units ofstates/(eV f. u.). The up states are represented by the
red full line and the down states by the blue dashed line.dynisrin eV, relative to the Fermi energy (dashed line).
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FIG. 11: (Color online) Density of states of MnAs in the heaagl phase divided in the most important contributions ffier inajority (upper
figure) and minority (lower figure) states.



