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Magnetic anisotropy and magnetic phase transitions irRFe;jMo,
(R=Pr, Nd, Sm, Dy, Ho, Er, Tm)
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RFe oMo, (R=Pr, Sm, Nd, Dy, Ho, Er, Tmintermetallics were investigated by studying the temperature-
or field-induced spin-reorientation transitiof®RT's). The temperature dependence of the magnetic anisotropy
field was determined by means of the singular point-detection technique for the polycrystalline samples of
YFegMo,, NdFgMo,, DyFe gMo,, and ErFgsMo,. Main emphasis was given to the theoretical analysis of
the magnetic anisotropy constants and the magnetic phase transitions. The temperature dependences of the
rare-earth anisotropy constants were calculated using the single-ion model within linear theory. The applica-
bility of the linear theory of thdR anisotropy is discussed. It is shown that the accuracy of this theory increases
considerably with increasing temperature. Fitting the experimental data, a set of the crystal field and exchange
field parameters for the rare-eafi* ions was deduced. The observed SRT's and first-order magnetization
processesFOMP’s) were explained and classified. FOMP-like transitions in pPy¥e,, HoFg Mo,, and
ErFe Mo, were identified. The temperature dependence of the FOMP fields was calculated fqpWofe
and ErFggMo,. The physical origin of a low-temperature anomaly in the magnetization process is discussed
for SmFg¢Mo,. The spin-reorientation transitions in Exgfelo, and TmFgyMo, are determined to be of first
order with a discontinuous jump of the magnetization. The SRT's detected in;Mi&-eand DyFg Mo, are
of second order. The calculated temperature dependences of the anisotropy fields fogMoyFand
NdFeMo, are in good agreement with the experimental data over a wide temperature range. FOMP’s are
predicted at low temperatures for Ndgdo,, DyFeMo,, and TmFgMo,. [S0163-182006)04846-X]

[. INTRODUCTION only one type of rare-earth crystallographic site and three
crystallographically inequivalent Fe sites. With decreasing
Intermetallic compounds, in which the magnetism of thetemperature the influence of the rare-earth anisotropy in-
rare-earth ions with localized magneti¢ électrons is com- creases considerably which leads in the case of an opposite
bined with that of the itinerant@ transition metals, present sign of theR anisotropy to temperature-induced SRT's. In
an important class of magnetic materials. These materials afddF&Mo, a SRT occurs affs=147 K, in DyFgMo, at
interesting for fundamental studies as well as from an appli137 K, in ErFeiMo, at 180 K, whereas in TmhgMo, at
cations point of view. Recently interest has been focused ofs— 166 K First-order magnetization process€OMP's)
the ternary intermetallicsR(Fe,M),, (R=rare earth, M or FOMP-like transitions lwe_re detected_ at 42 K in
=Ti, Mo, V, . ..) due to their potential applications as per- RF€wM0z (R=Pr,Sm,Ho,Ex" It is proposed in Ref. 1 that

manent magnets and their various magnetic structures ariﬁe physmal_orlgm of a I_ow—tempergture anomaly. found in
magnetic phase transitions. e differential susceptibilitydM/dH in SmFgyMo, is not

i . . ... due to a FOMP but caused by a continuous rotation of the
Magnetic anisotropy is one of the fundamental |ntr|n3|cmagnetization
propgrtles of _the magnetic ”.‘ate”a'? and attracts_ EVer" The EMD in PrFgsMo, and SmFgMos, lies in the basal
growing attention by both experimentalists and theoret|C|ansp|ane or parallel to the axis, respectively,over the whole

These compounds reveal a large magnetic anisoropPymnerature range up to the Curie point. The situation in
(me}lnly arising from theR sgblatnce as well as Iarge mag-  NdFegMo, is more complex.

netization. The main function of the nonmagnehit ele- Measuring aligned samples of Ndgeo, a SRT was ob-
ments is to stabilize the ThMp structure. The rare-earth served in Refs. 1,2 and supposed to be a SRT from “easy
contribution to the resulting anisotropy of tH(FeM);,  axis” to “easy cone.” However an “easy plane” state was
intermetallics is determined not only by the second-ordefeported in Refs. 3 and 4 at room temperature. Two SRT’s
crystal electric field(CEF) term but, in general, by the were detected ifRef. 5: “easy axis’—‘"easy cone” above
fourth- and sixth-order terms. It is known that, due to theroom temperature and “easy cone”—"easy plane” at 180 K.
high-order CEF terms, the easy magnetization directioWanget al® found a SRT aff =155 in NdFgoMo,. A coni-
(EMD) can deviate from thec axis. That is why many cal magnetic moment configuration was proposed at a tem-
temperature- and magnetic-field-induced spin-reorientatioperature belowr .

transitions (SRT's) are observed in th&k(FeM),,, espe- No indication of a SRT or a first-order magnetization pro-
cially in the RFeMo, intermetallics. These compounds cess was found for TbhigMo, according to Ref. 1. The SRT
crystallize in the tetragonal ThMpstructure with the space observed for DyFgMo, is supposed to be from easy axis to
group l4/mmm The contribution to the total magnetic an- easy conkor from easy axis to easy plane due to Ref. 7. The
isotropy from the Fe sublattice favors tloeaxis. There is nature of the SRT's in DyRgMo, at T;=130 K and in
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ErFggMo, at 120 K was not determined by Ref. 8. The smaller than 4Qum) at room temperature applying a mag-
SRT's observed in ErRgMo, and TmFgMo, by Ref. 1  netic field of abot1 T perpendicular to the cylinder axis.
were supposed to be SRT's from easy axis to easy condheir directions were fixed with epoxy resin.
Direct evidence for this supposition is absent now. The ab- The temperature dependence of the magnetic anisotropy
sence of any singularities s*M/dt? versusH applying the  field H,(T) was determined by means of the SPD technique
singular point detectiofSPD) technique for ErFgMo, and  in a pulsed-field magnetometer which can be operated from
TmFeg Mo, can be taken as a hint that the magnetic anisot4.2 to 1000 K with a maximum field of 30 T. Polycrystalline
ropy is either not axial or very low/’ samples of YFgMo,, DyFe¢Mo, and the aligned
Due to the complex behavior of the magnetic anisotropyNdFeMo,, ErFg Mo, samples were used for the measure-
the type of SRT's and FOMP’s in nearly @iFeMo, is  ments.
not clear up to now. From the slope of the magnetization
curve breaking up the ferrimagnetic alignment in high fields, ll. METHOD OF CALCULATION
the values of the exchange field coefficienigg, in
RFe Mo, were recently found for the heavy rare-earth Magnetocrystalline anisotropy of the rare-eartR) (
(R=Dy,Ho,Er,Tm compounds. —transition metal T) intermetallics is separated within the
The crystal field and exchange fieltbr the light rare- framework of a two-sublattice model into two parts, the
earth iong parameters are unknown. Direct measurements oR-sublattice anisotropy and the-sublattice anisotropy. The
the intersublattice exchange fields given in Ref. 1 delivefR-anisotropy originates from the interaction between the as-
values for calculating the SRT and FOMP transitions. ThePherical electrostatic potential at tfesite due to all other
anisotropy fields of th&Fe,gMo, (R=Nd,Dy,Ep intermetal- electrons in the lattice and the aspherical charge density of
lics, in which the SRT's take place, and of Y;gélo, were the unfilled 4 shell of the rare earths.
measured over a wide temperature range using the SPD tech- For calculating the temperature dependence of the rare-
nique. In the present paper the experimentally observed ten@arth anisotropy constants the single-ion model was used be-
perature dependence of the anisotropy f|e-|-[1\$T) as well cause of the hlgh'y localized nature of the rare-eatftisiell.
as the first-order magnetization fieltls, at 4.2 K} and ad- The detailed description of this model was given in Ref. 9. A
ditionally the SRT temperaturésare used in order to find two-sublattice molecular field theory was used to describe
the crystal and exchange field parameters forREe, Mo, the temperature dependences of the Fe- Rnsliblattice
(R=Pr,Nd,Dy,Ho,Er, Tmintermetallics within the single-ion magnetizations. This theory describes quite accurately the
rare-earth anisotropy model. The explanation and classificdemperature dependence of the magnetization in the
tion of the spin-reorientation transitions and first-order mag-RFeiMo, intermetallics as shown in Ref. 10. The restfits
netization processes based on the found model parametersSidgggest that the magnetizations of the Fe Bnsublattices
the aim of the present paper. The experimental procedure’@’e nearly collinear within a wide temperature range. For the
are described in Sec. II. In Sec. Il the details are given of thdetragonal symmetry of the ThMga structure only the
anisotropy and FOMP field calculations in the framework ofCrystal-field parameterB, Ao, Ass Asor Ass are neces-
the linear theory for a two-sublattice ferrimagnet. Analysis ofsary according to the symmetry of the crystal. The single-ion
the applicability of this theory based on the second-ordefare-earth Hamiltonian for a ground-state multiplet with an
corrections to the magnetic anisotropy constants is also giveangular momentund can be written as
in Sec. lll. An explanation of the magnetic anisotropy,
SRT's and FOMP-like transitions in these compounds is Hr=Hext Hert Hz, @
given on the basis of the found model parameters in Sec. |

Vi . . .
. : where H_=2(g;—1)ugJ-H,, describes the isotropic ex-
A summary is presented in Sec. V. o=2(0;=1)upd:-Hex b

change coupling energy with the iron sublattidé=

2 0,AnmCm(J) is the crystal-field Hamiltonian decomposed
Il. EXPERIMENTAL DETAILS by the irreducible tensor operato®s,(J) which are propor-
tional to the equivalent operators given by Ref. 81 are the

The polycrystalline samples RFe,gMo, with R stevens factors and,=g;ugJ- H describes the Zeeman en-
=Y,Nd,Dy,Er were prepared by induction melting the sto-ergy in an external magnetic field.

ichiometric amounts of the constituents under argon atmo- The total free energy consists of the Fe d@aontribu-
sphere. The starting materials of a purity of 99.99 wt % wer&jons and is given by
used. The ingots were remelted four times in order to achieve

homogeneity. The as-cast ingots were wrapped in Ta foil and F=—KkgTInZg+ K rSif0—Mge H,
sealed in a pre-evacuated and then argon-gas-filled quartz
tube, followed by annealing at 1373 K for four weeks. The Zr=Spexp —BHR)), B=1kgT), 2)

annealed samples were then water quenched and their phase
content was checked by x-ray diffraction using €e ra-  whereK;r,andM, are the anisotropy constant and the mag-
diation and by optical microscopy. All obtained samplesnetic moment of the Fe sublattice per formula unit, respec-
showed a main phase with the tetragonal ThMstructure. tively. The values oK, and Mg, are assumed to be the
Traces of the elemental Fe were detected in all samples same as those found in Yf#o, after scaling for the
low 5%). It is assumed that the soft magnetic impurity different Curie temperatures. To estimat®l(T) a
phases give no influence on the position of the SPD peak. Brillouin-function approximation with M{0)=14.06ug/
Magnetically aligned samples of a cylindrical shape werdf.u. (Ref. 1) was used. The values &f,{T) for YFe;,(Mo,
prepared by aligning fine powder particlédiameter is were calculated over a wide temperature region using the
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18 1 &°F
Ha=—wo g7+ Fa=(Hed+Kuesird. (5)
* YFe, Mo, S 0=/2
150 7
. u, The total anisotropy field is given due to E¢p) by
51-2' *, Ha=2(K;+2K,+3K3)/Mg, where Mg is the total
] e, magnetization. This equation is valid fdRFe Mo, (R
z09r e, =Sm,Nd,Dy over the whole temperature rangetdf(T) as
% +*++’ determined by the SPD technique. The temperature depen-
206 e, dence ofH, was calculated by fitting the experimental data
< *+++ over a wide temperature range.
0.3r For the light rare earths the total magnetization is
Mi=Mg+Mg whereas for heavy rare earthdvg

00,50 100 150 200 250 300 =MF63—+MR. Mg(T)=Mg(0)By(£) andMg(0)=g,J is the
free R°" rare-earth ion value.

In order to calculate the temperature dependence of the
FIG. 1. Temperature dependence of the anisotropy field fOIrgre-earth a'nisotropy Cpns.tants £4). a first-order perturba-
YFe,Mo,. tion theory |s_used. Th|s_ I_mear theory works well fqr small

CEF energy if the conditionA,,| < ugJHe are fulfilled.
formula K1 T) = K1rd0)(1— aT/To) o3(T), where o(T) More detail§ abo_ut the ap_plicability o_f the Iinea_r theory of
_ L _ the magnetic anisotropy in thed34f intermetallics were
=MrdT)/M0). The coefficient «=0.625 andK,40) iven in Ref. 13 for the casB=0. This question is actual for
=7.60 K/f.u. were found from a least-squares fitting proce-,?he RE Mo. series because tHe mea?sured values of the in-
dure using the equatioy(T)=uoHa(T)M{T)/2 giving tersublzltq[icezexchan e field and the Curie temperatures are
the temperature dependence KirdT). The anisotropy not large! In order t?) estimate the accurac orf) the linear
fields HA(T) for YFeyMo, were determined by the SPD .\ %o calculated the second-order corilection at finite
technique within a temperature region 10-280kg. 1). A tem Zrature According to Ref. 15 the second-order pertur-
correction for the demagnetizing field was done. The Fe-iorbatign theor. is as f0||gWS' ' P
magnetic moment 1.4d; and the Fe-anisotropy constant y ’

Kipe (4.2 K)=7.60 K/f.u. are smaller than the ones for 1 Lo

YFe, Ti.*2 Fr=Fro— B (X1 +X,— 3 x3),
The experimental data obtained by the SPD technique on

the polycrystalline and magnetically aligned samples will be 4

used in the present investigation. The contribution of the Xl:_IBZROEV: exp(— BE,)(vI|HceIv),

basal plane anisotropy constait$,K; are reduced to zero

by averaging the azimuthal anglé. Therefore the basal

plane anisotropygiven by theA,,, Ag, crystal-field param- X2=Z§012 exp( — BE,)|(wd|Hcd Iv)|?

eterg does not contribute to the measured anisotropy field or wy

critical field of the first-order magnetization process. The

uniaxial contribution from the rare-earth sublattice to the XEXFIB(EV_E“)]_l_B(EV_EM) 6)

magnetic anisotropy within the linear theory is given by (E,—EL* '

Temperature (K)

(Hep) = Kir(£)Si 0+ Kor(£)sin 0+ Kap(£)sinfs, (3)  where|Jv) andE, are the eigenfunctions and the eigenval-
o ues of the unperturbated rare-earth Hamiltoniaf,,J,
where £=2(g,—1)ugJH/kgT. The rare-earth contributions r_ —_ g-1inz.;is the unperturbated rare-earth free energy,
according to the resulting anisotropy costants are uv=J3,3-1,...-J.

Let us suppose that the second-order CEF téAg)
gives the leading contribution to the rare-earth anisotropy
constants and to the anisotropy field. Thus we get the
second-order correction to the anisotropy field in the fdrm

Kir(€)=— 3 0,02A50B3(£) —50,3*A,B5 (&)

— 5 053%AcBS(£),

(4)
Kor=3 043*AsBI(£)+ 122 g 18 BS(8), H(T)=HMea(T)[ 1+ &(T)],

Kar(€)=— 5% 063°AcB5(£). e(T)=[ 6K (T)+28K,(T)IK X(T), (7)

In Eq. (4) the definition(Cp,(3'))=J"Bj(£) was used, where the relative error of the linear theasyT) depends
where B(¢) are the generalized Brillouin function$.The  strongly on temperatureéK ;, K, are the second-order cor-
temperature dependencetdf(T) is supposed to be propor- rections to the anisotropy constants. The second-order CEF
tional to M{T). The resulting anisotropy constants are correction to the rare-earth magnetizatifivi  is small com-
K1=KipetKir, Ko=Ksyg, K3=Ks3g. The definition of the pared with the total magnetizatiovig and is neglected here.
anisotropy field applying an external magnetic field in the Calculating the matrix elements dr, €(T) can be
hard direction @= 7/2 for the easy axis phases as follows:  written as follows:
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3 Ay
e(T)y=— §T_f(t)’ t=T/T,, Te=2ugHe(0),
ex

®)

T 1 @([1—expx—y>]
T J%Zgo(y)Bi(Jy) t y

1—exp(—2y) 3
S B s - Sz,

f(t) Si(y)

f(t)

Si(y)=2 (2v—1)%(3+ »)(I— v+ 1)exp vy),

00 02 04 06 08 1.0
Temperature t=T/T,

Ss(y):% (u?=v?)%exd (n+v)yl,

ot (b)
Sy(y)=>, (J+v)(I+v—1)J—v+1)(I—v+2)expry), Nl
Tex o(t) _op- o iEEm
y—y(t)—T—c|gJ—1|T- =
-1k
The second-order correction is determined by the ratio
Ao/ Tey as well as the functiofi(t) which depends strongly 2r
on the temperature and oh When the temperature in-
creases, the absolute value of the functidt) decreases 00 02 04 06 08 1.0

(Fig. 2) and therefore the second-order correction to the an-
isotropy field calculated within the linear theory decreases
rapidly. The values of (t) are much bigger foR=Pr,Tm FIG. 2. Tgmperature dependence of the functi¢t) for the
than that forR=Nd,Sm,Dy,Ho,Er at low temperatures RF€ioMo, series@ — Nd, — Sm, - Dy, - - - - Ho, ----- Er;
=T/T.<0.1 (Fig. 2. The sign off(t) coincides with the (6) — Pr, -~ Tm.

sign of 8,(J). For instance, the ratie(T—T.)/e(T—0) is
0.06 for Smi* and 0.03 for P¥' (if we take T,,/T.=0.5).
One has to be careful applying the linear theory if the ratio The experimental data fdRFegMo, obtained in Ref. 1

Ao/ Teyis about a unit and the low-temperature experimentahnd in the present paper are explained by the model de-
data(the FOMP fields, for instangeare used for the fitting scribed above. The temperature dependence of the rare-earth
procedure. Equationd) and(8) generalize the results given contribution to the total anisotropy energy is described
by Ref. 13 for the case of a finite temperature. The crystalanalytically on the basis of the linear approximation. The
field parameters found within the linear theory will be effec- measured anisotropy fieldsi,(T) for YFe Mo, were

tive parameters iHcr<Hey is not fulfilled ande is not small  ysed to find the Fe-anisotropy constam,, and/or
compared with the unit. This situation is realized for Ay, crystal-field parameters for all rare-earth ions
PrFgoMo,. As shown below, the linear theory cannot ex- (except Sm were scaled from DyFl@]\Aoz by the relation
plain the magnetization curve of Smigélo, at low tempera- A (R) =(rMg/{r"pyAng(Dy). The values ofr") for theR

tures. ions were taken from Ref. 17. The crystal-field parameters
A field-induced FOMP occurs due to the existence of twocglculated within this work are shown in Table I.

relative minima of the free energy. Following Ref. 16 two
types of FOMP’s can be distinguished: transition to the satu-
rated statgtype 1) or to a not-saturated statg/pe 2. Usu- A. Prie;Mo, and SmFegoMo,

ally the FOMP'’s are observed at low temperatures wken The temperature dependences of the ac susceptibility and
K3 are not negligible. In order to calculate the critical fieldsthe magnetization reveal no anomalies up to the Curie
of a type-1 FOMP and the corresponding magnetizatiortemperaturé.Applying Egs.(2), (3), and(4) on the experi-
jumps (between inequivalent magnetization directiprthe ~ mental data as obtained for Prgdo, (the FOMP field al-
equations for an uniaxial ferromagnet as given in Ref. 1dows to calculate a set of the crystal-field parametérs;
were used. The analysis of the total free energy @pgand =—202 K, A;o0=—76 K, Agg=70 K (Table Il). A type-2

its derivatives with respect to the magnetization amgjtie-  FOMP (Ref. 16 takes place in PrEgMo, at low tempera-
livers an analytical solution for the critical magnetization in tures. This FOMP was described by the equations given in
the axial and perpendicular magnetic fielgarallel and per- Ref. 16. The experimental value of the FOMP fielt T
pendicular to the alignment directiptf =4.2 K was used for the fitting procedure. The anisotropy

Temperature t=T/T,

IV. RESULTS AND DISCUSSION
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TABLE |. Fitted crystal-field parameters f&Fe gMo,. The units ofTe,=2ugH(0), Ts andA,, are in
K. A-C, A-P are the easy axis—easy cone and easy axis—easy plane SRT'’s, respe&tiV€h)., P-1(2)
denote the type (2) FOMP in the axial and perpendicular magnetic fields, respectifgland T, (except
NdFegMo,) are taken from Ref. 1.

Tex Ay A Ago Ts SRT FOMP Remarks

PrFa Mo, —202 768 707 A-2

NdFe Mo, 232 —95 —67” 5 147 A-C Low H(T)
PredA-1

DyFe, Mo, 248 -23 -35 23 137  A-C PredP-1

HoFe Vo, 194 10 —32 21 P-2

ErFgMo, 149 139 —29¢ 19 180 A-P A2 LowHu(T)

TmFe, Mo, 182 64 —27” 17 166 A-P Low Ha(T)

aScaled from DyFgMo,.

constantK, is positive andK;, K3, (K;+2K,+3K3) are 1 K, 12 Me, 5
negative over the whole temperature range due to theseMe=73|| ~3i——2] —1|, He=25"(Ki+2Komg).
crystal-field parameters and the signs of the Stevens factors 2 s (10)

6, for the PF' ions. The easy plane phase is stable and
therefore the SPD peaks iffM/dt? versusH are not ob- This possibility is not realized becausig,>H , which is
served over the whole temperature range. The calcuin contradiction to the experiménivhereH <H, was ob-
lated curve oH(T) using the fitted crystal-field parameters served at the same temperatures. Therefore the low-
depends strongly on the intersublattice exchange fieldemperature anomaly d¥1(H) cannot be explained within
Tex=2upHey(0). Following Sec. Il in PrFgMo, due to a  the linear theory and nonlinear corrections which lead, in
main contribution ofA,; and the estimatiorT.,~=300 K, particular, toK;#0 are necessary for Smfghlo,.
these parameters are the effective crystal-field parameters.
For SmFgyMo, no SRT was observed between 4.2 K and
the Curie temperature. This means th&t(T)>0 and an o )
“easy axis” phase is stable. An anomalous increase of the Fitting the experimental data ¢1(T) NdFggMo, a set
magnetization at low temperatures was detected applying @ the rare-earth ion parameters are dedudeg=232 K,
magnetic field perpendicular to the alignment direcfidh. ~ A20= =95 K, Ag=—67 K, Ag=57 K (Table ). Tey is
only the ground-state multiplet with="5/2 is taken into ac- Much lower than that of NdF¢ri.” From our experimental
count, one obtainK;=0 within the linear theory due to data it is e\_/ldent that the magnetic anisotropy field is small.
6s="0. The magnetization curve versus a perpendicular field he_equationK,(Ts)=0 and the experimental values of

(m=M/M,) can be calculated by minimizing E¢) with ~ Ha(T) were used for the fits. The calculated cone artylen
respect tod: NdFeg Mo, changes continuously with decreasing tempera-

ture and the SRT al =147 K (Ref. 1) is of the second

order. The present set of the Ndcrystal-field parameters
leads to the prediction of a type-1 FOMP in the axial mag-
netic fields at low temperatures. But the FOMP field is small
(<0.4 T). This may be the reason why no FOMP was de-
2K, tected in Refs. 1,2, Substituting Fe by Co for

=3m. % (9 NdFe,_,CaoMo, at x=5, no spin reorientation was fourd.
s The phase equilibrium conditions and therefore the criti-
cal temperatureJ, as obtained for the single crystals as

B. NdFe oMo,

H)=a si ! 'h*lH K,>0
m(H)=«a sin §S|n H_o , >0,

m=sind, Hg

1 _,(H 2 well as for the magnetically aligned samples, depend
m(H)=—aco 3€0S Ho + 37 strongly on the magnetic field applied in the different direc-
tions. This may be the reason why these critical temperatures
1 (especially for NdFgMo, and DyFe Mo,) reported in vari-
KocO o= 2Ky ) 9) ous works are so different. With the fitted crystal-field pa-
2= 3|Ky,| rameters the anisotropy constad€y is positive at high tem-

Equations(9) and (9') are valid in the case oH<Hg,
=2(K;+2K,)/Mg. No singularity indM/oH versusH is
found for K,>0. Equation(9’) has a singularity ofm/JoH

peratures and negativ@ue to a negative contribution of
Ago at low temperatures(; is positive over the whole tem-
perature range for NdiggMo,.The first anisotropy constant
K is positive aboveTg and changes the sign at with

for H=H,. But this singularity has no physical meaning decreasing temperature due to the negative contributions of
becauseHy,>H,. There exist a possibility of a type-1 A,y andA,q. So, the SRT in NdRgMo, at T¢=147 K oc-

FOMP if K,<0 and —1/2<K,/K;<—1/61° The critical

curs due to a competition of the Fe and Nd contributions to

magnetization and the critical FOMP field can be written asK;. The calculated curves dfio(T) as well as the experi-

follows:*®

mental H,o(T) for NdFegyMo, using the fitted crystal and
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3 7.6
(@)
7.4}
fa DyFe, Mo.
.l NdFe, Mo, ~ Yrertioe
= £ 72
g e
g e 70t
) o
81T =
2 Q sasf
<
6.6}
Y s s . . . .
0 100 200 300 0 10 20 30 40 50 60
Temperature (K) Temperature (K)
FIG. 3. Temperature dependence of the anisotropy field for 2.0
NdFegMo,. The solid line represents the calculated, crogses (b)
the experimental values.
= 157
exchange field parameters are shown in Fig. 3. The relative -
error of the linear theory is not large for all temperatures and §
has a negligible value abovig, (Table Il). The reason of the @ 1.0
small values oH 4(T) measured abovéE, is due to the cal- z
culated small values of the sulgy + 2K, + 3K within 50— %
300 K. The small anisotropy of Ndiggvo, at room tempera- £ o5}
ture leads to a poor alignment and, therefore, to a small <
difference between the magnetization curves measured par-
allel and perpendicular to the alignment directfon. 0.0 L L L L

200 250 300 350
Temperature (K}
C. DyFe, oMo,

Fitting the experimental data ¢ ,(T) for DyFe; oMo, a
set of the rare-earth ion parameters are deduBggk—2.3
K, A4 =—35 K, Az=23 K. The equatiorK,(Ts)=0 and
Tex=248 K which was calculated after measurememaisd
the experimental values of the anisotropy field were used for -
the fitting procedure. The calculated cone angle in  DYF€oMo, occurs due to a competition of the Fe and Dy
DyFelo|\/|02 Changes Continuous|y with decreasing tempera.contrlbutlons tOKl. Due to the pOSItlve values of the sum
ture and the SRT observed 8;=137 K (Ref. 1) is of the K1+ 2K,+ 3K3 which holds over the whole temperature re-
second order. The present set of the*Dyrystal-field pa- gion, a second SRT at low temperatures as proposed in
rameters leads to the prediction of a type-1 FOMP in a perDyFe;;Ti,° is not expected for DyRgMo,. The calculated
pendicular magnetic field at low temperatures. With the fittedvalues of HA(T) and H(T) as well as the experimental
crystal-field parameters the anisotropy constégtis posi- Ha(T) for DyFe Mo, are shown in Figs. @ and 4b). The
tive andK3 is negative over the whole temperature range inrelative error of the linear theory(T) is negligible over the
DyFe, Mo, as was also calculated for Dyf&i.° The first  whole temperature rangd@able II).
anisotropy constanK, is positive aboveTs=137 K and
changes the sign a with decreasing temperature due to the

FIG. 4. Temperature dependence of the FOMP figJdand the
anisotropy field(b) for DyFe;gMo,. The solid lines represent the
calculated, crosseast) the experimental values.

negative contributions of\,g, A4g, andAgg. So, the SRT in D. HoFeg;gMo,

TABLE II. The relative error of the linear theory of tHe an- The temperature dependence of the ac susceptibility and
isotropy for theRFe; Mo, series. T, (K) are taken from Ref. 1. the magnetization give no evidence of the anomalies up to

the Curie temperatureA set of the crystal-field parameters
Te &(T=42 K) &(T) 10° Remarks Ar=10 K, Asy=—32 K, Agy=21 K (Table ) was obtained

NdFeMo, 366 ~0.109 ~1.90  High-temp. fitting by applying Eqs(2), (3), and(4) to the experiment.al data. In
DyFe, Mo, 335 —0.003 ~0.16  High-temp. fitting H_oF(:'gLOMo2 at Iqw t.emp.erature_s a type-2 FOMP in a perpen-
HoFgMo, 310 0.010 0.09 dicular magnetic field is pred|cteq. The calc.ulated tempera-
ErFgoMo, 285 —0.240 ~1.96 ture dependences of thc_e FOMP fleld and anlsot_ropy field are
TmFeoMo, 258 ~0.336 ~2.49  High-temp. fitting shown in Fig. 5. The anisotropy field has a considerable high

value at low temperatures. The experimental value of the
4 £(0.9T,) for HoFeMo,. FOMP field at T=4.2 K andT.,=194 K calculated from
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FIG. 5. Temperature dependence of the anisotropy field and the FIG. 6. Temperature dependence of the FOMP field and the
FOMP field for HoFg/Mo,. The solid lines represent the calcu- anisotropy field for ErFgMo,. The solid lines represent the calcu-
lated, circle(®) the experimental valuéRef. 1). lated, crosseét) the experimental values. Circ{®) represents the

experimental value of the FOMP fie(@Ref. 1).

the measuremeritsvere used for the fitting procedure. The
values ofH(T) are much lower thamd,(T) at low tem-
peratures which confirms the type-2 FOMP. The anisotrop
constantsK,, K5 are positive over the whole temperature
range.A,q, Agg give positive andA,, gives a negative con-
tribution to K;. The calculated anisotropy consta} is
positive at high and negatiglue to a negative contribution

: linear theory atT=0 estimated byA,, and Te is
of Agg) at low temperaturetbelow 75 K. Thee(T) is neg- _ . ex
ligible for HoFgMo, over the whole temperature range e(0)=-0.24. Therefore the _crystal-fleld parameters found
(Table II). for EeFggMo, have the meaning of an effective CEF param-

eters and do not reproduce the scheme of th& Energy
levels correctly. The calculated and experimental values of
E. ErFe;gMo, HA(T) andH(T) of ErFg Mo, are shown in Fig. 6. The
Two different possibilities exist to describe a SRT in @dreement oH,(T) is satisfactory since the experimental
ErFeMo,: (1) a SRT occurs due to a change in the sign ofdata were not used for the fits.
K; at T, andK(T¢)=0; (2) a SRT occurs witlK;>0. By
fitting experimental data as obtained for Effiéo, a set of F. TmFe; Mo,
the crystal-field parameterd\,;=139 K, A,=—29 K, Similar to ErFgyMo,, two different possibilities exist to
Ag=19 K was calculatedT,,=149 K was obtained from describe a SRT in TmRgMo,. A set of the crystal-field
measurementSA first-order SRT, easy axis—easy plane, atparameters Ay;=64 K, A,=—27 K, Ago=17 K of
T,=180 K with the conditionK;(T.)=0 can be explained TmFegJMo, was obtained by fitting experimental datZhe
by the set of the crystal-field and exchange field parametersxistence of a first order SRT, easy axis—easy plane, at
given above. However, that disagrees with the supposed =166 K with the conditiork;(Ts) =0 can be explained by
SRT, easy axis—easy cone, in Ref. 1. A conical phase whicthe set of the crystal-field and exchange field parameters
can lead to a FOMP in a perpendicular field is not predictedyiven above. However, that is again in disagreement with the
over all temperatures. According to the calculations, the SRExplanation proposed in Ref. 1 where an easy axis—easy
temperature due to a first-order transition depends stronglgone transition was assumed. A conical phase is not stable
on the external magnetic field. This fact is supported by thavithin all temperatures. The anisotropy constiatis calcu-
measuremeniaising aligned samples whefe=120 K was lated to be negative ari¢l; positive over the whole tempera-
detected. ture range. The parametets,, Agg give positive contribu-
According to Ref. 16 a type-2 first-order magnetizationtions to K,(T) and the SRT occurs due to a negative
process in an axial magnetic field is predicted in EgM®,  contribution of A,y to K4(T). The calculated values of
at low temperatures. The calculated temperature dependenek,(T) for TmFg Mo, are very low(<0.21 T). The esti-
of the FOMP field is shown in Fig. 6. The experimental mated error of the linear theory at 4.2 K has considerable
value of the FOMP fiellat T=4.2 K was used during the value (Table I). But low-temperature experimental data
fitting procedure. The anisotropy const#yt is calculated to  were not used for the fitting procedure and the CEF param-
be negative at high temperatures and posittiee to a posi- eters are calculated with small error. The present set of the
tive contribution ofAg) at low temperatures(; is negative Tm®" crystal-field parameters leads to the prediction of a
over the whole temperature range. The parameigss Agy  type-1 FOMP in an axial magnetic field at low temperatures.
give negative contributions t&;. The contribution of the This prediction based on the linear theory is only qualitative
fourth and sixth crystal-field terms is negligible Bt due to  due to the estimates(4.2 K)=—0.34.

the small values o£(Ts) and therefore the small values of
the generalized Brillouin function§§*6(§(Ts)) which de-
%rease rapidly with decreasid* For ErFg Mo, the param-
eter £(Tg) ~ Tey/ Ts is much smaller than that for Ergdi.°
The possibilityK,(T)=0 can be realized within the linear
theory due to a large positiv&,, value. The accuracy of the
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The temperature dependences of the anisotropy fields idominant contributions of the high-order CEF terms to the
RFe Mo, (R=Er,Tm) are the samdafter scaling for the rare-earth anisotropy.
different Curie temperaturgsThe values oH, are low due A transition detected at 4.2 K in Hogo, when a mag-
to the existence of a first-order SRT in these intermetallicsnetic field is applied perpendicular to the alignment direction
Based on the present calculations, the SRT's detected iis explained as a type-2 first-order magnetization process.
ErFe Mo, and TmFg/Mo, occur due toK,(T)=0 at T;. High anisotropy fields are calculated for Hgfdo, at low
A, is the leading parameter in determining the SRT's intemperatures.

ErFe Mo, and TmFgMo, near the transition temperatures  The first-order SRT'’s, easy axis—easy plane, are calcu-
Ts. lated with decreasing temperature in EffMo, and
TmFeMo,. In order to check this, e.g., specific heat has to
be measured nedafs. A transition detected at 4.2 K in

The investigation of the basic interactiofistersublattice ~ ErFeioMo, with a magnetic field applied parallel to the align-
exchange, anisotropy of the rare-earth compounds Ment direction is explained as a type-2 FOMP. A type-1
RFe, Mo, (R=Pr,Nd,Dy,Ho,Er,Tm was carried on by the FOMP at low temperatures is predicted for Trhéo,
complete analysis of its critical behavior versus applied maghen & magnetic field is applied parallel to the alignment
netic field and temperature. In order to calculate the raredirection. These SRT's are determined predominantly by the
earth anisotropy constants the linear modification of the gens€cond-order CEF terms. Whereas the first-order magnetiza-
eral phenomenological crystal-field model was used. Thdlon processes are determined by the fourth- and sixth-order
single-ion model parameters were calculated Rée,gMo, ~ CEF terms. _
series on the basis of detailed analysis of the experimental The applicability of the linear theory of the rare-earth an-
data. isotropy depends strongly on temperature andRHen an-

The spin-reorientation transitions and first-order magnetigular momentum). The accuracy of this theory increases
zation processes observed in these intermetallics were egonsiderably with increasing temperature. In ®#e,gMo,
plained and classified due to our calculations within the lin-S€ries the linear theory works well f&=Nd,Dy,Ho over all
ear theory of theR anisotropy. The validity of this theory t€mperature range and fé&t=Er,Tm at high temperatures
was tested for different rare-earth ioRalculating the tem-  (@boveTy). The crystal-field parameter found for Pigdo,
perature dependence of the second-order corrections. Typeaf'd ErFgdVo, within the linear theory have the meaning of
first-order magnetization processes were predicted fofln effective CEF parameter due to considerable error of this
R=Nd,Dy,Tm, that may be checked by direct measurement§1€ory at low temperatures and use of the low-temperature
of the corresponding single crystals or polycrystalline€Xperimental data for the fitting procedure. .
aligned samples. The calculated curves of the magnetic anisotropy fields

The field-induced transition detected at 4.2 K inHa(T) for RFe¢Mo, (R=Nd,Dy) are in good agreement
PrFgoMo, applying a magnetic field parallel to the align- with the experimental curves over a wide temperature range.
ment direction is explained as a type-2 FOMP. The anomaly he temperature dependences of the first-order magnetiza-
observed between 4 and 180 K in Sm§Wo, cannot be tion process critical fieldsHc(T) are calculated for
explained within the linear theory either as a first-order magRRFei Mo, (R=Dy,Ho,Ep.
netization process or continuous rotation of the magnetiza-
tion.

The spin-reorientation transition in Ndfg®o, and
DyFe, (Mo, detected alT ;=147 K and 137 K in Ref. 1 is due
to our calculations of the second order. The angle between The authors are grateful to Dr. X. C. Kou for many dis-
M, and thec axis increases continuously with decreasingcussions on the manuscript. This work was supported by the
temperature belowl. A type-1 first-order magnetization *“Fond zur Forderung der Wissenschaftlichen Forschung von
process at low temperatures is predicted for Nge, ap-  Osterreich” under Grant Nos. S5604, S5605. K.Yu.G.
plying a magnetic field parallel to the alignment direction thanks the “Fond zur Forderung der Wissenschatftlichen For-
and for DyFg,Mo, applying a magnetic field perpendicular schung” of Austria for financial support by the Lise-Meitner
to the alignment direction. The SRT's and FOMP’s in Stipendium under Project No. M00175-PHY. E.H.C.P.S.
NdFg Mo, and DyFg,Mo, are the consequence of the thanks the OAD for financial support too.
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