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The magnetic properties of thi&Fe ,BH, (R=Gd, Pr, and Dycompounds have been studied by measuring
low-field ac magnetic susceptibility vs temperature and magnetization vs temperature and applied magnetic
field on magnetically aligned samples. A strong reduction in the magnetocrystalline anisotropy of the Gd-based
compounds is observed, and the compounds remain axial in the measured temperature range. A hydrogen
induced spin reorientation transiti¢hlISRT) takes place in the Dye ,BH, series forx=1, with the transi-
tion temperaturd ¢ increasing with increasing hydrogen content. In the=By;BH, compounds no HISRT is
found, however for 8.x<3 we observe first-order magnetization process€MP), with the critical fieldH,
decreasing with increasing hydrogen content. For th&&iBHs 5 compound the reduction is so strong that
H.~0, and the compound remains in a conical phase in the studied temperaturé5angje0 K. We have
combined analytical methods and a crystalline electric field-mean field model to obtain a quantitative evalua-
tion of the effect of hydrogenation on the magnetic and crystal-field interactions. We have found that the
observed behavior in the Gd, Dy, and Pr series can be explained by a decrease of the Fe sublattice anisotropy
and by a decreasén the Dy and Pr serigsof the crystal-field paramete8,, (n=2, 4, and 6 under
hydrogenation. The hydrogen induced variations of faEe exchange interaction seem to have a minor
influence on the observed magnetic behavior.

I. INTRODUCTION fect, hydrogenation can destroy uniaxiality, producing hy-
drogen induced spin reorientation transitions
Intermetallic compounds formed by rare-eat® and  (HISRT),** % transform the compound into a system of
transition-metal elements of thed3series constitute excel- conical or basal plane anisotropy at all temperatdres.
lent permanent magnet materials. Among them,Rfé,B However, these reports are not free of controversy. In
has outstanding performance characteristics because of igevious works on the Gd series, the measurements of the ac
high-remanent magnetization and coercivity. However, itamagnetic susceptibility vs temperatuyg{T) showed a hy-
implantation in some technological applications has beemrogen induced anomaly for=1, interpreted as a HISRT,
limited in temperature range by a relatively low Curie tem-with the temperature of the anomaly decreasing xas
perature T,=580 K! and a spin reorientation transition increases! The existence of a HISRT was also reported
(SRT) at low temperaturd ;=135 K2 Below T, the magne- from magnetization measuremefit$,however, in this case
tization deviates from the axis, and consequently, the the HISRT temperature was reported to increase with in-
uniaxiality is lost and the magnet performance worsens.  creasingx.” In the Dy series the existence of a HISRT was
A method developed to modify the properties of thereported for x=4.5 at T~115 K® for x=4.6 at T
Nd,Fe, B is the inclusion of interstitial atoms. In particular, ~45 K,* and forx=4.7 atT~75 K2 It was also re-
hydrogenation has the effect to increase the Fe sublatticgorted to occur in the DyFe ,BH, ; compound; apparently it
magnetization and to increa3g in all R,Fe ,BH,,2 cOM-  has a conical phase at 4.2 K= 30°), as was deduced from
pounds by nearly 60 B> However, hydrogen absorption %Dy Mossbauer spectroscopy.n the PpFe;,BH, com-
also has the effect of reducing the Fe sublattice anisotropypounds, they,{T) measurements showed an anomalyxor
namely, the first-order anisotropy const&ni-.reduces with =1 atT~150 K and forx=4.7 atT;~90 K, which was
increasing hydrogen contehgnd modifying theR sublattice  interpreted as a HISR® From magnetization measure-
anisotropy’. As a consequence there are important losses iments, it was reported that the,Pe, ,BHs compound is pla-
the magnetocrystalline anisotropyand variations in the nar in the temperature range 77—30C kh some of these
SRT temperature$®®1°when such a transition is present in works!*'3'#the HISRT had been ascribed, in a qualitative
the pure compounds. way, to an increase in the crystal electric fiecRQEF) param-
Special interest has been focused on hydrogen absorptiater B,y. However, there is no quantitative study on how
by Dy,Fe;,B and PgFe ,B, in which the uniaxiality remains hydrogenation may induce a SRT.
at any temperature, or in GBe;,B, which has the highest This paper aims at solving the controversy about the hy-
Curie temperature among tl&Fe B series. In these com- drogenation effects on the uniaxiality of these compounds.
pounds there are reports of a different hydrogen induced ef-or each series we have performed an experimental study
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synthesizing fresh compounds and measuring T) and ity study on oriented samples measuripg(T) in the paral-
magnetization vs temperature and applied magnetic field otel x(T), and in the perpendicular direction (T) with re-
magnetically aligned samplgSecs. Il and IV in order to  spect to the alignment axis of the epoxy-bonded samples,
determine unambiguously the hydrogenation effects on thee., with respect to their EMD at room temperature. The
macroscopic magnetic anisotropy of these series. In Sec. I\h-phase component’ (T), and the out-of-phase component
we have analyzed quantitatively such influence by means of”(T) of the complex ac susceptibility,{T), have been
analytical models and a CEF mean-field model that is demeasured with a mutual inductance susceptometer covering a
scribed in Sec. Ill. Main conclusions are presented in Sec. Vtemperature region fro 5 K to room temperature, with an
exciting field of 510 * T and a frequency of 90 Hz.

We have also measured magnetization curves vs field and
temperature for both orientations of the EMD. Measurements

We have prepared the following samples: ,6€,BH,  of M and M, vs temperature were carried out between 5
(x=0, 1, 2, 3, 4, Dy,FeBH, (x=0, 1, 2, 3, 4, 5, and and 300 K, and vs field between zeradah T in acommer-
Pr,Fe BH, (x=0, 1, 2, 3, 5.5 The pure boride compounds cial Quantum Design superconducting quantum interference
R,Fe,B have been synthesized in a cold crucible under ardevice magnetometer. Measurements up to 10 T were per-
gon atmosphere, using the high-frequency levitation techformed in a commercial Oxford Instruments vibrating
nique. Each as-cast ingot was first polished with sand papei@ample magnetometer. The anisotropy figlgis obtained as
to eliminate any oxide from the surface and then it was powthe crossing of the extrapolated low-fie\ti, (H) curve with
dered in air, in an agate mortar, to about A grain size. theM(H) curve, and the saturation fiell, was determined
This powder was distributed in several silica capsules, whiclby the intersection of thé/ (H) and M, (H) curves with
were sealed with an argon pressure of 0.9 bar, using tantaluincreasing field, as customary.
foil to avoid direct contact of the samples with the silica. The Thermomagnetic scans above room temperature were per-
capsules were heated to 1120 K in a temperature-controlleidrmed using a Faraday balance. In this case, the samples, in
furnace for 20 days, and then they were thrown into water tgolycrystalline state, were enclosed in silica-glass sample
achieve a rapid quenching. Maximum hydrogenation wadolders sealed under argon.
performed by submitting the ingots to a pressure of 22.5 bar Polar plots on oriented samples were performed using an
of H, and to a temperature of 575 K in an autoclave. Theextraction magnetometer within the temperature range of 4.2
intermediate compounds were synthesized by reacting 4 300 K. The instrument measures the projection of the
575-625 K nominal proportions of pure and maximumsample magnetization in the direction parallel to the applied
charged hydride compounds to obtain the desired value of field M,,, and perpendicular to M .,. The polar depen-
The amount of hydrogen was determined by gravimetry indence of both components was obtained by rotating the
all cases. sample in a steady magnetic fied,,,, andM ., should not

The crystallinity of the samples and the homogeneity ofbe confused wittM; andM, .
the hydrogen intercalation were assessed from x-ray diffrac-
tion (XRD) patterns on powdered samples. XRD analysis lIl. CEE MEAN-FIELD MODEL
was performed at room temperature by using a Rigaku dif-
fractometer and Cika radiation. All samples investigated ~ To analyze quantitatively our experimental results we
were found to be single phase, and the cell parameters wet@ve used a CEF mean-field model in which the CEF inter-
determined from the XRD patterns. By comparison to theaction on the rare earth is described by the single-ion Stevens
known dependence of the cell parameters with hydrogewoefficientsB,,, and theR-Fe exchange interaction by an
uptake!® the final H content was checked. The value ob-effective fieldHg,. %
tained was within 5% of the value determined by gravimetry. The total Hamiltonian for the rare-earth ion, containing

To check the orientation of the easy magnetization direcexchange CEF and Zeeman terms is
tion (EMD) at room temperature we performed x-ray analy-
sis on powdered samples previously aligned in a field of 0.5 Hr=Hcert+2(9;— 1) ugIHey+gypdH, (3.0
T applied perpendicular to the sample holder. We have ob-
served that the Gd and Dy compounds, at all hydrogen corivhereH is the external applied field.
centrations, and the Pr compounds %e£3 exhibit uniaxial The crystal electric field Hamiltonian at the rare-earth site
anisotropy with the EMD parallel to the axis of their te- is
tragonal unit cell. In the BFe,BH55 compound only the
reflections with Miller indices(220), (314), and (441) ap- Heer= B2g020t B4gOs0t BeoOso, (3.2
peared; indicating that this compound is in a conical phase,
in which the EMD is deviated by an angte with respect to Hcee acts on thgJM) rare-earth free-ion eigenvectors.
the c axis. From the ratio of intensities the tilted angle wasWe have taken the approximation th&g,, with m=0 may
estimated to be in the range 409.<60°. be neglected.

We have prepared aligned samples for magnetic measure- The functional temperature dependencéHgf (antiparal-
ments by embedding the powders into epoxy resin and exel to My is assumed to be proportional to that of the Fe
posing the mixture to a 0.5 T field until the epoxy hardenedsublattice magnetizatiofiderived from the Y-based com-
The nonaxial compound at room temperature was orientedound, after scaling the temperature to the Curie tempera-
using a rotating devic¥. ture of each compound. The magnitudetbf(T) is scaled

We have performed a systematic ac magnetic susceptibibo that

Il. EXPERIMENT
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Med TTYTe) (iii) Modification of the exchange interaction between the
_— (3.3 R and the Fe sublattices. This effect seems to be the less
Med0) im AT .
portant, and we have taken the simplificatory approxima:
b'gion Ao(X)=Ag(0). We note that the assumption that the
exchange parametér,, remains independent afmay seem
too strong. Indeed, there are reports indicating that the ex-
change interaction R-Fe can be affected by
hydrogenatior:?? In particular, it has been proven that the
xchange-coupling strength decreases by a few percent
~10%) in R,Fe; carbides>?* However, nuclear magnetic
resonancéNMR) results of Kapustat al. on the effects of
H, C, and N interstitials on the hyperfine fiel®HF) and
electric field gradientEFG) on theR atom, indicates that for
hydrogen at a distance e¢2.35 A from theR sie;[%, only a
light influence on th® hyperfine field is observed.This is
\éV:rireOLT]%KWeh\g“ﬁ: ;reltatl;]eennt]z dbe? E{?\c;s\t/ealci}‘;:ne g;?gseq;s)recisely our case, since tieH distances are usually in the
P ' PPl ’ @ range 2.2-2.4 A in theR,Fe;,BH, structure?® The same

glge f60rfthe l(bbasgdf corz%ounds artt_a ta:kfarn from :Qef' 21 anq\1p results show that the effect of the H interstitials on the
taekén }rgrrr:(&efag orx#0, respectivelyTo(x) values are HF acting on the rare earth is much lower than that caused by
. C or N intercalation® Moreover, in the DyFe, ,BH, com-

Finally, the equilibrium state is found by minimizing the L 6 =2
o : . pounds, it is found that thé®Dy hyperfine fields are prac-
total free energy-= 7+ 7 With respect to the tilt angles tically hydrogen independefit. All these facts allow us to

and ¢. The magnetic moment of the rare-earth ion is ther]consider,a priori, that the variation ofA ., with x is negli-
calculated as

gible in the calculations that follow.

Hed( T) =He(0)

The magnetic structure at any temperature or field is o
tained by the following procedure. For a givén ¢ (stan-
dard spherical angles determining the directiortgf), the
eigenvectors and eigenvalues g are obtained by diago-
nalizing the (23 1)X(2J+1) matrix of Hg. After diago-
nalization, the resulting eigenvectors and eigenvalues wer
used to calculate the partition functiodgz, and theR
contribution to the free energyFg(6,¢,604,¢4,H,T)
=—KkTIn Zg, where 6,,¢,, are the standard spherical
angles determining the direction bf The anisotropy energy
of the Fe sublattice is simplified tBr.=K 1 peSin® 6—MgH,

~ YmB

m=-— > (n|J[nyexp(—E,/kgT), (3.4 IV. EXPERIMENTAL RESULTS AND DATA ANALYSIS
R n

The measurement of,{T) is a standard technique to

whergEn and|n) are.the eigenvalues and eigen\{gctprs, "®detect magnetic phase transitidissuch as SRT’s. In the
spectively, ofHg obtained from Eq(3.1) for the equilibrium R,FeB compounds which undergo a second-order SRT

anglesf, and ¢o. After calculation of the magnetic moments (R=Nd, Ho) a rounded maximum or steplike anomaly is

the components of the total magnetization parallel and per: ; ;
pendicular to the applied field have been determitfed. observed inya{T), whereas in the compounds that present a

The B ficient d th : first-order SRT R=Er, Tm) a cusplike anomaly is detected.
€Bno coetlicients and the parameter However, due to the high sensitivity of theg. technique, it
Aex:2|gJ_:I-|:"‘JB,"LOHex (3.5

is possible that other mechanisms, of extrinsic origin, may
also induce anomalies of similar shape yg{T), the so-

are determined as those that allow to fit thg and M, called non-SRT anomalies, that may drive to misinterpreta-
curves vs field and temperature in a consistent way. Théons. This kind of anomalous behavior has been detected in
inherent complexity of such determination when we applythe xadT) curves of many intermetallic compoun%fsz.g
the model to the hydrogenated compounds can be guided Byamely, as temperature increases, an asymmetric peak
means of approximate analytical methods that allow us t@round 100-150 K followed by a continuous increase ap-
obtain preliminary values of the CEF parametéiwy are pears in the in-phase componegff(T) with a peak in the
described in Secs. IV B and IV)CThe set ofo,o(x) param-  out-phase component,{T), accompanying both features.
eters obtained in this way are used as starting values to ol the R,FeBH, compounds withR=Nd and Ho, it has
tain more refined values of the parameters by fitting the exbeen proven that magnetic disaccommodation, giving rise to
perimental magnetization curves. magnetic aftereffect, is responsible for the observed non-

Other considerations have been taken into account whe8RT anomalie$® In that case, the non-SRT type anomalies
we apply the model. We have assumed that hydrogenatioare due to domain-wall motion coupled to thermally acti-
can affect the magnetic anisotropy of these compounds byated defects. In these compounds, which also present
three possible ways: SRT's, the non-SRT anomaly is enhanced in ¥h€l) mea-

(i) Reduction of the Fe-Fe interaction, which is quantifiedsurements, while the SRT peak is enhanceg i{T).
as a decrease, with increasirgof the Fe sublattice anisot- By analogy to theR,Fe ,BH, with R=Nd and Ho com-
ropy Kire, as derived from the study of the isostructural pounds, it is natural to think that in tHe=Gd, Dy, and Pr
series bFe ,BH, .° series the non-SRT anomalies can also coexist with the SRT

(i) Decrease of the value of the crystal-field interaction,ones, giving rise to different anomaliesyf{T) and causing
judging from the conclusions derived in a previous study ofsome confusion in their interpretation as a HISRT. Since at
those R,Fe,B compounds that undergo SRPsThis present we have experience in the study and characterization
hypothesis is in concordance with previous works on theof the SRT and non-SRT anomalies, we have revisited the
hyperfine interactions in these systems, which indicates th&,Fe;,BH, (R=Gd, Dy, and Pr compounds measuring
the second-order CEF parametd,, decreases with x,dT), M(T), andM(H) on magnetically aligned samples.
hydrogenatiorf:® We have considered the following criteria to discern
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FIG. 1. In-phasey’ and out-of-phasey” magnetic susceptibil- dicular (lower) to thec axis atT—5 and 300 K.

ity vs temperature of Gdre ,BH, (x=0, 2, and 4 measured along
(full line) and perpendiculatdashed lingto thec axis.
havior. As an illustrative example we show in Fig. 1 the

whether an anomaly iy ,{T) is due to a SRT or otherwise. x(T) and x, (T) measurement's O.f Qael.“BHX (X:.O’ .2’
Those hard magnets that have uniaxial anisotropy at roorﬁnd 4. The absence of anomalies y (T) indicates in first

temperature such as some of the compounds of interest in t{gStance that there is no HISRT. Consequently, the anoma-
present paperR,Fe;8H, (R=Gd, Dy, and Pr forx<3), lous behavior met iny|(T) is due to DWD. Besides, this

contain 180° domains with their domain walls parallel to thekind of anomaly,_an asymmetric peak around. 150 K and a
¢ axis>®3n such case, at low exciting frequenoy,(T) is subsequent upraise above ZSQ K, are the typical features of
due to reversible rotatiofiRR) of the magnetic moments "€ nonr;SRT almomallfes degc(rjlbed above. g
within each domain, and to domain-wall displacements We ave aiso periormed dc measuremems(T) an
(DWD).32-3*1n the uniaxial phase, the DWD contribution is M (H). (Fig. 2) and, indeed, no trace of an anomalous behav-
significant only inx(T), when the exciting field is applied for is found, altpour?h we can see an important decrease ,Of
parallel to the domain walls. In contrast, it should be zero inHa”and Hkhas the %/droggn cor;cecri\tratlocr; is increased. Fi-
x . (T), because a small perpendicular exciting field does notaly, we have performed angle dependent magnetization
move the domain walls. As a consequence, if a SRT take easurements at fixed temperature on one of the members of
place atT=T,, for T>T,, when the compo,und is in the the seriesx=3, since this is the most direct way of verifying

S S

axial phase, the DWD contribution is only expected in theln® @bsence or existence of a nonaxial phase. The experi-
X|(T) component, while the RR contribution is the main ments were made &t= 50, 200, and 300 K W't.h alb|as field
contribution toy, (T). Below T, the domain structure may of 0.1 T (Fig. 3). At all temperatures the projection of the
be modified and both, DWD and RR, give a contribution to
x|(T) and toy, (T). Thus, we expect the effect of the SRT
in xo{T) to be more pronounced in the perpendicular com-
ponent.

We consider that a HISRT takes place,Tat T, when
below that temperature a change is observeg i(iT) and
the observed behavior in the magnetization measurements is
consistent with the existence of the phase transition. On the
contrary, when anomalous behavior is detected only in
x|(T); i.e., neither iny, (T) nor in dc measurements, we
ascribe such behavior as due to DWD and classify it as a 0 T8y,
non-SRT anomaly. If HISRT and non-SRT phenomena co-
exist in the same compound, we consider that th€r)
anomalies are of non-SRT type only if they take place when - ! - !
the compound is in the axial phadee., atT>Ty). 0 /4 2 3n/4

Angle (8)

M(arb. units)
N
S

A. Gd,Fe,,BH
2 A FIG. 3. Polar plots oM ,,, and My, components of the magne-

In our x,{T) measurements we have found that in alltization along an applied field of 0.1 T for the compound
compounds of these series onfy(T) shows anomalous be- Gd,Fe;,BH; at T=50 (CJ), 200 (®), and 300 K(O).
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FIG. 4. Dependence of the first anisotropy constant of _ o
Gd,Fe ,BH, on the hydrogen content, normalized to unity »at FIG. 6. In-phase magne_tlc susceptibility vs temperature mea-
=0, at different temperatures. Light circles correspond to the datgured perpendicular to tieeaxis, for the DyFe BH, (x=0, 1, 2, 3,
for the Y,Fe ,BH, series aff=290 K from (Ref. 6. 4, and § compounds.

magnetization along the applied fiel,,, is maximum for ferent temper.ature(:t:ig. 4) from the magnetization measure-
#=0° and 180° and the projection in the perpendicular direcMeNts, applying the Sucksmith-Thompson mettbth all
tion M e, becomes zero fof=0° and 90°, as expected for an cases we observe thii-{Xx) decreases Ilnearly up to=3
axial compound. and tends towards constant values.ﬁe%r?;. In Fig. 4 we also
Concluding, hydrogenation reduces the anisotropy on th&resent thé; e{x) data corresponding to the,¥e,,BH, se-
Gd,Fe,BH, series but it does not give rise to any tempera-"1€S QtT= 2_90 K: We observe that the reduct|onl4[\:_e(x)_ is
ture driven SRT. This result is in full contradiction with the Practically identical for the Y and Gd compounds, indicating
reported presence of a HISRT, ranging between 115 K foF,hat in thg Gd compounds the onentanon of thg magnetiza-
x=2.8 to 355 K forx=4. With respect to the previously tion is mainly governed by the Fe sublattice anisotropy.
observed anomalies in the,{T) measurements on nonori-
ented sample¥, we think that they corresponded actually to B. Dy,Fe;,BH,
the non-SRT anomalies, which we find also in our present
X|(T) measurements.
To quantify the observed reduction in the total anisotrop
we have deduced the dependencexatfi the relative macro-
scopic anisotropy constahl g X) =K gdX)/K1e{0) at dif-

For the six compounds measured of the,PBs;,BH, se-
yries both x| (T) and x|/(T) showed an asymmetric peak in
the temperature region 100—200 K, and a further increase in
X”’(T) at higher temperatures, accompanied by a second peak
in x| (T) (Fig. 5. Both anomalies iy (T) and x|/(T) shift

to lower temperatures with increasimgAnomalous behav-

ior is also found iny, (T) (Fig. 6). The most prominent
feature is the absence of any anomalyin(T) for x=0 and

the appearance of a peak fae=1, which shifts towards

] higher temperature asincreases, just opposite to the trend
1g of the anomaly detected in thg(T) component. In Table |

] we have collected the characteristic temperatures of the two
types of anomalies, determined as the temperature at its

TABLE I. Temperature of the maximum of the anomaly in
x| (T) and x| (T) Ty and Ty, , respectively, and temperature of
the inflection point oM , (T) T;, for different hydrogen concentra-
tions in the DyFe ,BH, series.

x"(l 03emu/g Oe)
(30 8w, 01 Yy

To (K25 K Ty (K25 K T, (K)£5 K

0 ————r—e=m ] 0 Dy,Fe.B 232
0 50 100 150 200 250 300 Dy.Fe;,BH 142 24 30
) Dy,Fe ,BH, 132 62 60
Dy,Fe ,BH; 127 65 65
FIG. 5. In-phasey’ and out-of-phasey” magnetic susceptibil- Dy,Fe;,BH, 112 68 70
ity vs temperature of DyFe,BH, (x=0 and § measured along Dy,Fe;,BHs 112 75 75
(full line) and perpendiculatdashed lingto thec axis.
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FIG. 7. Temperature dependence of magnetization of FIG. 8. Dependence of _the CEF parameters on the amount of
Dy,Fe BH, (x=0, 1, 3, and 5in a magnetic field b2 T applied interstitial hydrogerx normalized to unity ak=0. ForR=Dy: by

perpendicular to the axis. (@) andbyo=bgo (M). FOrR=Pr:by, (O), by (1), andbgo (A).
Crosses corresponds 8'Dy Mdssbauer data frorfRef. 15.

maximum, Ty and Try, . It should be noted that in the ¢jent of Nd, Ho, and Dy ions have the same sign$0). In
x . (T) measurements a small peak appears at 11 K due to @ previous work on the NgFe,,BH, and HoFe ,BH, se-
small quantity of DyFgB,.>>*® The spurious peak does not ries, we were able to explain the different observed trends in
shift for the differentx values since this compound acceptsT(x) in terms of an analytical model that considered that
no hydroger?’ hydrogenation has the effect of reducing linearly the Fe sub-

In theM, (T) measurements we have detected an increasgttice anisotropy, on one hand, and reducing the rare-earth
below 150 K; we show this feature far=1, 3, and 5 in Fig.  crystal-field parameters, on the other. This model allowed us
7. This increase appears fa=1 while there is no such to derive the evolution of thé,, (n=4 and 6 parameters
feature for the purex=0) compound, except for the small with x.° In order to obtain a preliminary trend of thgy(x)
contribution due to the DyR&, impurity. The T; values, parameters in the D¥e BH, series, we have applied the
determined as the inflection points of tihé, (T) curves, method previously used to analyze the SRT’s in the Ho and
agree with the temperature at the maximum of the anomalyd series.
detected iny; (T), T, (see Table)l In the cited method® the second-order SRT is described

We conclude, according to the previously stated criteriajn the framework of the Landau theory. This allows us to
that the anomalies iy, (T) and M, (T) correspond to a find a relatively simple analytical expression that relates the
true HISRT, while the anomalies iw(T) are related to first anisotropy constark;r(T,x), with the By, (n=2, 4,
DWD processes. Thus, in the B5e,,BH, compounds both and § andA,, parameters, in the vicinity ofs.® The nec-
HISRT and non-SRT anomalies are present simultaneouslessary condition for the second-order phase transition to oc-
The HISRT is induced only for intercalation rates=1, cur is K(T¢,X)=K;pdTs,X)+ K r(Ts,X)=0. Imposing
and when the transition is inducel, increases with increas- some constraints, it is possible to use this condition to obtain
ing Xx. information on theb,g(X) andbgy(x) variation.

Our systematic investigation confirms the HISRT detected The b,(x) dependence is known in the Dy case since it
at 75 K in the DyFe;,BH,; compound’* and the results was deduced fromt®'Dy Mossbauer dat& The quadrupole
obtained from Mssbauer measurementsOn the contrary, interaction data subtracted from the known valence contribu-
our results disagree with the previous report stating that onlyion, e?qQ= 140 mm/s for Dy*® and normalized to unity is
the compound withx=4 displayed a HISRT af =45 K* given in Fig. 8. As was done in the Er, Tm, Nd, and Ho

Trying to get a deeper insight on the relationship betweertase$, we can express thie,(x) decrease by the empirical
hydrogen absorption and the modification of the magnetoformula
crystalline anisotropy we have applied the CEF mean-field
model presented in Sec. lll to our data. Our aim is to find a boo(x)=0.86—0.135+0.14e >, 4.7
set of b,o(X) =Bo(X)/B,o(0) (n=2, 4, and 6 parameters
that accounts for the occurrence of a HISRT in the TheK;{T,x) dependence is also known from our previ-
Dy,Fe ,BH, compounds, and the observed dependence adus study on the Yre ,BH, compound$. The coefficients
T(X). Bno(0) andA(0) for the pure compound, in which the SRT

The first point to note is that the HISRT that occurs in theis absent, have been derived using the CEF method described
Dy,Fe ,BH, compounds wittkx=1 is of second-order type; in Sec. lll. The results are given explicitly in Table II. We
it depicts a rounded maximum &t, and its shape is very have verified that, upon substitution of these parameters,
similar to that found for a second-order SRT, from axial toK;(Ts,X)=0 has no solution witiT¢>0 or, equivalently,
conical orientation of the EMB® This is the type of SRT there is no SRT, in agreement with experiment.
present in the Nd and Ho, pure and hydrogenated samples, a The b,y(X) and bgy(x) parameters fox#0 can be ob-
fact not so unexpected since the first-order Stevens coefftained from theK,(Ts,x)=0 condition assuming two sim-
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TABLE Il. CEF and exchange parameters for the,Bs;,BH, series. The PM columns correspond to the
parameters calculated by using the phenomenological model(Re 6 (see Sec. IV B The CEF columns
are the refined data obtained with the CEF model described in Sec. Ill. We have used the.sparameter
in both models.

B2 (K) Bso (1073 K) Bgo (10°° K) Agy (K)
PM CEF PM CEF PM CEF PM and CEF

Dy,Fe;,B —-1.50 4.0 -9.0 120
Dy,Fe ,BH —-1.10 -141 3.8 3.8 —-8.5 —-8.5 120
Dy,Fe;,BH, —0.88 —0.88 2.6 2.7 —-5.8 —-6.0 120
Dy,Fe;,BH; —0.68 —0.68 2.0 2.1 —45 —4.7 120
Dy,Fe;,BH, —0.48 —0.48 1.4 15 -3.1 —-3.2 120
Dy,Fe ,BHg —-0.27 —-0.27 0.9 0.9 -1.9 -1.9 120

plificatory approximations(1) the exchange field acting on =1, and a linear decrease far>1, till about 75% of the

the rare earttH., does not depend on the hydrogen contentyajues for the pure compound.

Ae(X)=Ae(0), and (2) the higher-order coefficients o We have checked that thie,,(x) = A¢,(0) approximation
andbg, have the same dependencexob,o(x) =beo(X). The s reasonable in the present case, analyzing the dependence
va!ldlty of these qpprpxmaﬂons is discussadposteriori 4t the calculated s on the model parameters. We have found
using the full Hamiltonian of Eq(3.1) (see below, although 4t in any of the DyFe;,BH, compounds thel, depen-

the flrs_t aSpprommanon is justified priori by the arguments dence on the parametar, is an order of magnitude smaller
gveninsec. . . than its dependence on any of tBg, parameters. We have
ue;— 2?2’1325;,ngos(tg;{tlgfo(lglga’.)&,1)%,tZi X(doe)n\;ig \t/r? ‘le also foqnd that for a fixed compound, in the process o it
experimental valud 4(x), for the given value ok, an initial szr'\?zggtgnlg?)llgt?ﬁ Zzoh;ntghebparoarn;ete_rtl)s cogzen?_sated
ﬁ‘;t. of Bigh-o(rjder CEF parametetigo(x) andbeo(x) (Table ei/ers That is evenoin theycase of2 0a Iargg_v;r?art)iomgg

is obtained. ’ '

With the bo(x) andA,, values obtained in this way as a caused Dby hydrogenation, the approximatiole,(x)
reference, and assuming the same dependence as above Tofed(0) only leads to a minor error in th,, determina-
K,rdX), we have turned to the Hamiltonian of §8.1) to fit ~ tion. Consequently, we judge thag,(x) = A (0) is a good
the experimental daffii(x), M(T), andM(H). In Fig. 9we  approximation in the present case, in the sense that the varia-
can see an example, that tM, (T) calculated curves for tions of these parameter do not play a relevant role in the
x=1, 3, and 5 agree satisfactorily with the experimentalmodification of the macroscopic anisotropy of these series.
ones, after subtracting the nonanomalbus(x=0). The pa- Moreover, we have also observed thgj is the CEF param-
rameters that give the best fits are presented in Fig. 8 aneter that is less relevant in our calculations. We think that
Table Il. We note that, except fdu,o(x=1), the refined this is probably the reason why thagy(x) =bgy(X) approxi-
parameters require only minor modifications with respect tanation works so well in these compounds.
the parameters obtained with the analytical approximation. Anyway, we can conclude from these results that the
We can observe that there is a small reductioio,f for x HISRT present in the DyFe ,BH, series forx=1 can be

explained as caused by a reduction of both the Fe Rnd
o T T sublattice anisotropy with increasing

C. Pry,Fe;,BH,

In the PpFe,BH, compounds withx<3, which are
uniaxial at room temperature, we have foundyif{T) the
same type of anomaly as in the Dy case, with the anomaly
temperature decreasing with increasin@nd no temperature
induced anomaly iny, (T) in the measured temperature
range(Fig. 10. No trace of HISRT is detected either in the
M(T) measurements, confirming that the(T) anomalies
are of non-SRT type, and that no HISRT is present in the
P S R Pr,Fe ,BH, compounds withx<3.

0 30 60 90 120 150 However, the pure BFe; ,B compound presents a diffe_zr-
T(K) ent type of S_RT,_ induced by an external field, Cal_led first-
order magnetization proce$8OMP).*>*1 The FOMP is due

FIG. 9. Temperature dependence Mf for Dy,Fe,BH, (x  to competing effects of the CEF induced anisotropy and the
=1, 3, and 5, both experimental data®) and calculated curve Zeeman polarization effect. Since hydrogenation causes a
(full line) (see details in the text modification in the CEF parametétshe ensuing FOMP

1

M (arb. units)
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FIG. 10. In-phasey’ and out-of-phasey” magnetic suscepti- (C,l)= data forx=2, (¢, #)= data forx=3, and @)= data
bility vs temperature of BFeBH, (x=0, 2, and 5.5 measured for x=5.5.

along (full line) and perpendiculatdashed ling to the alignment

axis of the epoxy bonded samples. also interpreted these anomalies as of non-SRT type and

caused by an anomalous contribution of the DWD. The same

anomalous behavior is also presenjin(T), but an order of

critical field may also be affected by hydrogen uptake. Wemagnitude smalle¢Fig. 10. This is consistent with the fact

have therefore investigated how the FOMP is modified bythat, for x=5.5, the domain structure of the conical phase

hydrogen absorption. differs from the simple 180° domain type, and consequently,
Figure 11 shows ourM(H) measurements for the some contribution of DWD is expected jn (T). Moreover,

Pr,Fe ,BH compound. We detect below @K a clear step in  for x=5.5 no further anomalous behavior is foundyin(T)

M, (H) at a critical fieldH.. This type of anomaly can be at any other temperature in the range 5-300 K and no trace

classified as a FOMP type Il transition, similar to that foundof HISRT is either detected in thé(T) or M(H) measure-

in the pure PsFe B compound®**We have found that for mMents, as we can see in Fig. 13. _

x<3, the effect of increasing the hydrogen content is to re- In the same Fig. 13 we can also see that in xke5.5

duceH, strongly. For instance, in the polycrystalline pure €aS€, the FOMP just does not take place at any temperature

compound it was reporteld .~14 T atT=5 K% while we or field. The magnetic structure seems to remain in the same

have determined that it reduces to 6 and 4.2 Txferl and tiited (conica) phase frm 5 K up to 470 K, thdemperature

3, respectively. In Fig. 12 we show the temperature evolutioft which the hydrogen desorption takes plécaVe think

of H, andH, that the observed reduction bf, for x<3 is so strong that
Tﬁe x=5.5 compound is different than the<3 com- Hc_~0 for x=5.5, and, consequently, only the conical phase
pounds, since it is conical at room temperature. However, wEXISts at any temperature.

have found iny(T) the same type of anomalies as in the T T
x=<3 case, at still lower temperature. Consequently, we have T=300K T=200K

200
200
100
150 F
5 T=100K T=5K
= = 200
=
&E)/ 100 :
s 100 ff
50
0 L L L L L
0 2 4 0 2 4
05 H(T)
0 2 4 6 8 10
H(T) FIG. 13. Magnetization vs magnetic field curves of

Pr,Fe ,BH5 5, measured, alongO) and perpendicula(@®) to the
FIG. 11. Magnetization vs magnetic field curves off&;,BH alignment axis of the epoxy bonded sample, at different tempera-
measured perpendicular to theaxis at different temperatures. tures.
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TABLE Ill. CEF and exchange parameters for thgf;,BH, series. The PM columns correspond to the
parameters calculated by using the phenomenological model (Reh 43 (see Sec. IVE The CEF
columns are the refined data obtained with the CEF model described in Sec. lll. We have used thg,same
parameter in both models.

By (K) Bso (1072 K) Bgo (1072 K) Agy (K)

PM CEF PM CEF PM CEF PM and CEF
Pr,Fe B —-5.60 3.5 —-8.0 100
Pr,Fe ,BH —-3.25 —3.36 34 34 -5.2 -5.6 100
Pr,Fe sBH, —-2.07 —2.52 2.9 2.8 —-2.8 —4.0 100
Pr,Fe sBH; —-1.79 —-1.96 2.7 2.1 —-2.6 -3.2 100
PrFeBHs 5 -0.01 0.4 -0.9 100

From these results we conclude that in the Pr compound4.2 and 300 K the compound is in a conical phase, in agree-
hydrogenation can also destroy the uniaxiality, although nanent with observation. The calculated conical angle is 57°
temperature driven HISRT is present in this case, in contrasind 40° forT=4.2 and 300 K, respectively, in reasonable

to the Dy based compounds. Moreover, we have found thsagreement with the estimation drawn from XRBee Sec.
the anomalies observed in the{T) measurements of the l). However, the value oH,=0.5 T predicted at 300 K,

whole series are of non-SRT type.

falls short of the experimental ori2 T). The parameters that

Our results are in concordance with the report that degive the best fits for the whole series are shown in Fig. 8 and
scribes the compound for="5 as nonaxial between 77 and listed in Table IIl. In this case, the decrease in thg pa-
300 K23 Whether the phase is fully planar, as these author§2Meters is nearly linear witk and quite strong, becoming

report, or conical as we conjecture from our XRD analysis,
still has to be ascertained. It should be noted that our results
demonstrate that the anomalies observedfed in the sus-
ceptibility of nonoriented samplés;orresponded to the non-
SRT anomalies found in oy (T) measurements.

To obtain a guideline for th& dependence of the CE
parameters we have used the phenomenological model pr
posed by Asti and Bolzot? In this model one only needs to
know H. and the magnetization values just below and abov
the FOMP to calculate the anisotropy constatgi=1, 2,
and 3. By using a linear approximation in the crystal fiéfd,

nearly zero at the maximum hydrogen content5.5.

We have also analyzed the influence of the variation of

Ay In the determination oH, andH_, finding similar re-
sults as in the Dy case. We have also observed that in order
to account for the FOMP phenomena and its hydrogen de-
g bendence, thég, parameter has a larger influence in our
galculations than in the description of the HISRT. We think
that this is the reason why thmy(x) =bgg(X) approximation
goes not work well in the Pr-based compounds.

Concluding, we have found that we can explain the main

features of the behavior observed in theH#&,BH, com-

we were able to obtain the corresponding CEF parametefunds with practically the same hypothesis that we have

Bho (n=2, 4, and 6. In this way, a rough estimation of the
bno(x) dependence was obtain€bable I11).

With these parameters as a reference, taking the approxi-
mation A, (X) = Ag,(0), andassuming th& {T,x) depen-
dence deduced from the Y-based compouhas, have used
the full solution of Eq.(3.1), to obtain the CEF parameters
that give the best fit to thé1(T,H) experimental curves

(Fig. 8 and Table Ili. In Fig. 14 we present thé(H) 200 T=300K
curves forx=1 and 3 aff =5 and 300 K compared with the 0% S
calculated ones. For the parent compoure-(Q) we have e o o
looked for the parameters that reproduce the valdg6l 100 S i %
=42 K)=14 T and H,(T=300 K)=9 T, obtained for o &
aligned polycrystalline samplé$.and which allow us to re- 0

produce our experimental magnetization vs field curiges
Table Ill). We note that for th&<3 compounds the approxi-
mation b,(X) =bgg(X), previously used in the Dy series,
does not hold in the Pr compounds; that is, with this restric-
tion we cannot find a set of parameters that reproduces the
experimental data.
Finally, for the PyFe ,BHs s compound, in which there

is no FOMP, as a test hypothesis, we have extrapolated lin-
early theb,o(x) coefficients calculated fox<3. We have
also assumed that,,(x) =A.,(0) to calculateH, and the
equilibrium magnetic phases far=5.5 to compare with the
measurements. We have found that the coefficidmis

V. SUMMARY AND CONCLUSIONS

used to describe the HISRT in the ;e ,BH, series.

We have found that in the GHe,,BH, series no SRT is

M(emu/g)

x=3

100

H(T)

induced by hydrogen uptake. These compounds remain axial,

FIG. 14. Field dependence of the magnetization fgFBR,BH,

=2x102 and b,o=bg=1x10"1 predict correctly that at calculated curvéfull line).

(x=1 and 3, both experimental datavij(O), andM (@), and
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although a considerable hydrogen induced decrease in the Similar conclusions have been previously obtained in the
magnetocrystalline anisotropy was observed. In contrast, hystudy of the hydrogenation effects on the spin reorientation
drogenation can induce the loss of the uniaxiality in the Dy-transitions of the NgFe ,BH, and HgFe, ,BH, compound$.
and Pr-based compounds. In the case of theFByBH,  Thus, a general conclusion from this study is that the effect
series, a temperature driven HISRT takes placexerl, of hydrogen on the different transitions, SRT, HISRT, and
increasing the transition temperatdrgwith increasingx. In ~ FOMP has the same origin, namely, the combined effects of
the PyFe,BH, compounds, there is no temperature driventhe reduction in the Fe sublattice anisotropy and the decrease
SRT, however, we have found that hydrogenation reducesf the CEF parameters under hydrogenation.
remarkably the critical field at which the FOMP takes place. Concerning the differences observed in thg(x) depen-
This reduction is so strong that.~0 for thex=5.5 com- dencies forR=Dy and Pr, we have not found in the present
pound, which remains in a conical phase in the temperaturpaper a direct relationship between these trends and the dif-
range 5-470 K, in contrast to the ,Pe,BH, compounds ferent filling sequences of the H interstitial sites for(Ryht
with x<3, which are axial in the same temperature range. R) and Dy (heavy R) compound$®#® This is in contrast
Moreover, the fact that the measurements were performedith a previous conjecture derived from the different behav-
on magnetically aligned powders has allowed us to identifyior of the b,o(x) ratios between the Ndight R) and Ho
most of the anomalous behavior detectedrigT) as non-  (heavyR) 8
SRT phenomena. In fact, we think that these phenomena Finally, we have also found that a possible decrease of the
could be one of the origins of the controversy found in theexchange interaction with hydrogenation has a minor effect
existence of a HISRT in thR,Fe ,BH, (R=Gd, Dy, and Pr  on the modification of the magnetocrystalline anisotropy
compounds. compared to the effect of the reduction of the CEF param-
We have found that the reduction of the magnetocrystaleters in these series.
line anisotropy observed in the &k ,BH, compounds can
b_e quantified as a decreasekof:{ x) with in_creasingg very ACKNOWLEDGMENTS
similar to that found for the YFe ,BH, series
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