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Hydrogenation effects on the magnetic and crystal-field interactions
in the R2Fe14BHx „RÄGd, Pr, Dy… compounds
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The magnetic properties of theR2Fe14BHx (R5Gd, Pr, and Dy! compounds 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 transition~HISRT! takes place in the Dy2Fe14BHx series forx>1, with the transi-
tion temperatureTs increasing with increasing hydrogen content. In the Pr2Fe14BHx compounds no HISRT is
found, however for 0,x<3 we observe first-order magnetization processes~FOMP!, with the critical fieldHc

decreasing with increasing hydrogen content. For the Pr2Fe14BH5.5 compound the reduction is so strong that
Hc'0, and the compound remains in a conical phase in the studied temperature range~5 – 470 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 decrease~in the Dy and Pr series! of the crystal-field parametersBn0 (n52, 4, and 6! under
hydrogenation. The hydrogen induced variations of theR-Fe exchange interaction seem to have a minor
influence on the observed magnetic behavior.
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I. INTRODUCTION

Intermetallic compounds formed by rare-earth~R! and
transition-metal elements of the 3d series constitute excel
lent permanent magnet materials. Among them Nd2Fe14B
has outstanding performance characteristics because o
high-remanent magnetization and coercivity. However,
implantation in some technological applications has b
limited in temperature range by a relatively low Curie te
perature Tc5580 K,1 and a spin reorientation transitio
~SRT! at low temperatureTs5135 K.2 Below Ts the magne-
tization deviates from thec axis, and consequently, th
uniaxiality is lost and the magnet performance worsens.

A method developed to modify the properties of t
Nd2Fe14B is the inclusion of interstitial atoms. In particula
hydrogenation has the effect to increase the Fe subla
magnetization and to increaseTc in all R2Fe14BHmax com-
pounds by nearly 60 K.3–5 However, hydrogen absorptio
also has the effect of reducing the Fe sublattice anisotro
namely, the first-order anisotropy constantK1Fe reduces with
increasing hydrogen content,6 and modifying theR sublattice
anisotropy.7 As a consequence there are important losse
the magnetocrystalline anisotropy,8 and variations in the
SRT temperatures,3,6,9,10when such a transition is present
the pure compounds.

Special interest has been focused on hydrogen absorp
by Dy2Fe14B and Pr2Fe14B, in which the uniaxiality remains
at any temperature, or in Gd2Fe14B, which has the highes
Curie temperature among theR2Fe14B series. In these com
pounds there are reports of a different hydrogen induced
PRB 620163-1829/2000/62~2!/1004~11!/$15.00
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fect, hydrogenation can destroy uniaxiality, producing h
drogen induced spin reorientation transitio
~HISRT!,4,9,11–15or transform the compound into a system
conical or basal plane anisotropy at all temperatures.3

However, these reports are not free of controversy.
previous works on the Gd series, the measurements of th
magnetic susceptibility vs temperaturexac(T) showed a hy-
drogen induced anomaly forx>1, interpreted as a HISRT
with the temperature of the anomaly decreasing asx
increases.11 The existence of a HISRT was also report
from magnetization measurements,4,12 however, in this case
the HISRT temperature was reported to increase with
creasingx.4 In the Dy series the existence of a HISRT w
reported for x54.5 at Ts'115 K,13 for x54.6 at Ts

'45 K,4 and for x54.7 at Ts'75 K.9,14 It was also re-
ported to occur in the Dy2Fe14BH4.7 compound; apparently i
has a conical phase at 4.2 K (uc530°!, as was deduced from
161Dy Mössbauer spectroscopy.15 In the Pr2Fe14BHx com-
pounds, thexac(T) measurements showed an anomaly fox
51 at Ts'150 K and forx54.7 atTs'90 K, which was
interpreted as a HISRT.13 From magnetization measure
ments, it was reported that the Pr2Fe14BH5 compound is pla-
nar in the temperature range 77–300 K.3 In some of these
works,11,13,14 the HISRT had been ascribed, in a qualitati
way, to an increase in the crystal electric field~CEF! param-
eter B40. However, there is no quantitative study on ho
hydrogenation may induce a SRT.

This paper aims at solving the controversy about the
drogenation effects on the uniaxiality of these compoun
For each series we have performed an experimental s
1004 ©2000 The American Physical Society



o

th
.
s
de
. V

s
a
ch
p
w

ic
lu

he
ll
r t
a

b
h

m
f
i

o
ra
si
di
d

e
th
ge
b
ry
ec
ly
0.
o
o

s

as

u
e

ed
te

tib

les,
he
nt

ng a

and
nts
5

nce
per-
g

per-
s, in
ple

an
4.2

the
ied

the

we
ter-
ens
n

g

ite

s.

Fe
-
ra-

PRB 62 1005HYDROGENATION EFFECTS ON THE MAGNETIC AND . . .
synthesizing fresh compounds and measuringxac(T) and
magnetization vs temperature and applied magnetic field
magnetically aligned samples~Secs. II and IV! in order to
determine unambiguously the hydrogenation effects on
macroscopic magnetic anisotropy of these series. In Sec
we have analyzed quantitatively such influence by mean
analytical models and a CEF mean-field model that is
scribed in Sec. III. Main conclusions are presented in Sec

II. EXPERIMENT

We have prepared the following samples: Gd2Fe14BHx
(x50, 1, 2, 3, 4!, Dy2Fe14BHx (x50, 1, 2, 3, 4, 5!, and
Pr2Fe14BHx (x50, 1, 2, 3, 5.5!. The pure boride compound
R2Fe14B have been synthesized in a cold crucible under
gon atmosphere, using the high-frequency levitation te
nique. Each as-cast ingot was first polished with sand pa
to eliminate any oxide from the surface and then it was po
dered in air, in an agate mortar, to about 10mm grain size.
This powder was distributed in several silica capsules, wh
were sealed with an argon pressure of 0.9 bar, using tanta
foil to avoid direct contact of the samples with the silica. T
capsules were heated to 1120 K in a temperature-contro
furnace for 20 days, and then they were thrown into wate
achieve a rapid quenching. Maximum hydrogenation w
performed by submitting the ingots to a pressure of 22.5
of H2 and to a temperature of 575 K in an autoclave. T
intermediate compounds were synthesized by reacting
575–625 K nominal proportions of pure and maximu
charged hydride compounds to obtain the desired value ox.
The amount of hydrogen was determined by gravimetry
all cases.

The crystallinity of the samples and the homogeneity
the hydrogen intercalation were assessed from x-ray diff
tion ~XRD! patterns on powdered samples. XRD analy
was performed at room temperature by using a Rigaku
fractometer and Cu-Ka radiation. All samples investigate
were found to be single phase, and the cell parameters w
determined from the XRD patterns. By comparison to
known dependence of the cell parameters with hydro
uptake,16 the final H content was checked. The value o
tained was within 5% of the value determined by gravimet

To check the orientation of the easy magnetization dir
tion ~EMD! at room temperature we performed x-ray ana
sis on powdered samples previously aligned in a field of
T applied perpendicular to the sample holder. We have
served that the Gd and Dy compounds, at all hydrogen c
centrations, and the Pr compounds forx<3 exhibit uniaxial
anisotropy with the EMD parallel to thec axis of their te-
tragonal unit cell. In the Pr2Fe14BH5.5 compound only the
reflections with Miller indices~220!, ~314!, and ~441! ap-
peared; indicating that this compound is in a conical pha
in which the EMD is deviated by an angleuc with respect to
the c axis. From the ratio of intensities the tilted angle w
estimated to be in the range 40°,uc,60°.

We have prepared aligned samples for magnetic meas
ments by embedding the powders into epoxy resin and
posing the mixture to a 0.5 T field until the epoxy harden
The nonaxial compound at room temperature was orien
using a rotating device.17

We have performed a systematic ac magnetic suscep
n
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ity study on oriented samples measuringxac(T) in the paral-
lel x i(T), and in the perpendicular directionx'(T) with re-
spect to the alignment axis of the epoxy-bonded samp
i.e., with respect to their EMD at room temperature. T
in-phase componentx8(T), and the out-of-phase compone
x9(T) of the complex ac susceptibilityxac(T), have been
measured with a mutual inductance susceptometer coveri
temperature region from 5 K to room temperature, with an
exciting field of 531024 T and a frequency of 90 Hz.

We have also measured magnetization curves vs field
temperature for both orientations of the EMD. Measureme
of M i and M' vs temperature were carried out between
and 300 K, and vs field between zero and 5 T in acommer-
cial Quantum Design superconducting quantum interfere
device magnetometer. Measurements up to 10 T were
formed in a commercial Oxford Instruments vibratin
sample magnetometer. The anisotropy fieldHa is obtained as
the crossing of the extrapolated low-fieldM'(H) curve with
theM i(H) curve, and the saturation fieldHk was determined
by the intersection of theM i(H) and M'(H) curves with
increasing field, as customary.18

Thermomagnetic scans above room temperature were
formed using a Faraday balance. In this case, the sample
polycrystalline state, were enclosed in silica-glass sam
holders sealed under argon.

Polar plots on oriented samples were performed using
extraction magnetometer within the temperature range of
to 300 K. The instrument measures the projection of
sample magnetization in the direction parallel to the appl
field M par , and perpendicular to itM per . The polar depen-
dence of both components was obtained by rotating
sample in a steady magnetic field.M par andM per should not
be confused withM i andM' .

III. CEF MEAN-FIELD MODEL

To analyze quantitatively our experimental results
have used a CEF mean-field model in which the CEF in
action on the rare earth is described by the single-ion Stev
coefficientsBnm and theR-Fe exchange interaction by a
effective fieldHex.19,20

The total Hamiltonian for the rare-earth ion, containin
exchange CEF and Zeeman terms is

HR5HCEF12~gJ21!mBJHex1gJmBJH, ~3.1!

whereH is the external applied field.
The crystal electric field Hamiltonian at the rare-earth s

is

HCEF5B20O201B40O401B60O60, ~3.2!

HCEF acts on theuJM& rare-earth free-ion eigenvector
We have taken the approximation thatBnm with mÞ0 may
be neglected.

The functional temperature dependence ofHex ~antiparal-
lel to MFe) is assumed to be proportional to that of the
sublattice magnetization~derived from the Y-based com
pound!, after scaling the temperature to the Curie tempe
ture of each compound. The magnitude ofHex(T) is scaled
so that
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1006 PRB 62PIQUER, BARTOLOMÉ, ARTIGAS, AND FRUCHART
Hex~T!5Hex~0!
MFe~TTC

Y/TC!

MFe~0!
. ~3.3!

The magnetic structure at any temperature or field is
tained by the following procedure. For a givenu, f ~stan-
dard spherical angles determining the direction ofHex), the
eigenvectors and eigenvalues ofHR are obtained by diago
nalizing the (2J11)3(2J11) matrix of HR . After diago-
nalization, the resulting eigenvectors and eigenvalues w
used to calculate the partition functionZR , and the R
contribution to the free energyFR(u,f,uH ,fH ,H,T)
52kT ln ZR , where uH ,fH , are the standard spheric
angles determining the direction ofH. The anisotropy energy
of the Fe sublattice is simplified toFFe5K1Fesin2 u2MFeH,
where theK1Fe values are taken to be those of the Y-bas
compound. When we apply the model, the values ofMFe and
K1Fe for the Y-based compounds are taken from Ref. 21 a
Ref. 6, forx50 and forxÞ0, respectively.Tc(x) values are
taken from Ref. 5.

Finally, the equilibrium state is found by minimizing th
total free energyF5FR1FFe with respect to the tilt anglesu
and f. The magnetic moment of the rare-earth ion is th
calculated as

m52
gJmB

ZR
(

n
^nuJun&exp~2En /kBT!, ~3.4!

whereEn and un& are the eigenvalues and eigenvectors,
spectively, ofHR obtained from Eq.~3.1! for the equilibrium
anglesu0 andf0. After calculation of the magnetic momen
the components of the total magnetization parallel and p
pendicular to the applied field have been determined.20

The Bn0 coefficients and the parameter

Dex52ugJ21umBm0Hex ~3.5!

are determined as those that allow to fit theM i and M'

curves vs field and temperature in a consistent way.
inherent complexity of such determination when we ap
the model to the hydrogenated compounds can be guide
means of approximate analytical methods that allow us
obtain preliminary values of the CEF parameters~they are
described in Secs. IV B and IV C!. The set ofbn0(x) param-
eters obtained in this way are used as starting values to
tain more refined values of the parameters by fitting the
perimental magnetization curves.

Other considerations have been taken into account w
we apply the model. We have assumed that hydrogena
can affect the magnetic anisotropy of these compounds
three possible ways:

~i! Reduction of the Fe-Fe interaction, which is quantifi
as a decrease, with increasingx, of the Fe sublattice anisot
ropy K1Fe, as derived from the study of the isostructur
series Y2Fe14BHx .6

~ii ! Decrease of the value of the crystal-field interactio
judging from the conclusions derived in a previous study
those R2Fe14B compounds that undergo SRT’s.6 This
hypothesis is in concordance with previous works on
hyperfine interactions in these systems, which indicates
the second-order CEF parameterB20 decreases with
hydrogenation.7,15
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~iii ! Modification of the exchange interaction between t
R and the Fe sublattices. This effect seems to be the
important, and we have taken the simplificatory approxim
tion Dex(x)5Dex~0!. We note that the assumption that th
exchange parameterDex remains independent ofx may seem
too strong. Indeed, there are reports indicating that the
change interaction R-Fe can be affected by
hydrogenation.7,22 In particular, it has been proven that th
exchange-coupling strength decreases by a few per
~'10%! in R2Fe17 carbides.23,24 However, nuclear magnetic
resonance~NMR! results of Kapustaet al. on the effects of
H, C, and N interstitials on the hyperfine field~HF! and
electric field gradient~EFG! on theR atom, indicates that for
hydrogen at a distance of'2.35 Å from theR site, only a
slight influence on theR hyperfine field is observed.25 This is
precisely our case, since theR-H distances are usually in th
range 2.2–2.4 Å in theR2Fe14BHx structure.26 The same
NMR results show that the effect of the H interstitials on t
HF acting on the rare earth is much lower than that caused
C or N intercalations.25 Moreover, in the Dy2Fe14BHx com-
pounds, it is found that the161Dy hyperfine fields are prac
tically hydrogen independent.15 All these facts allow us to
consider,a priori, that the variation ofDex with x is negli-
gible in the calculations that follow.

IV. EXPERIMENTAL RESULTS AND DATA ANALYSIS

The measurement ofxac(T) is a standard technique t
detect magnetic phase transitions,27 such as SRT’s. In the
R2Fe14B compounds which undergo a second-order S
(R5Nd, Ho! a rounded maximum or steplike anomaly
observed inxac(T), whereas in the compounds that presen
first-order SRT (R5Er, Tm! a cusplike anomaly is detected
However, due to the high sensitivity of thexac technique, it
is possible that other mechanisms, of extrinsic origin, m
also induce anomalies of similar shape inxac(T), the so-
called non-SRT anomalies, that may drive to misinterpre
tions. This kind of anomalous behavior has been detecte
the xac(T) curves of many intermetallic compounds.28,29

Namely, as temperature increases, an asymmetric p
around 100–150 K followed by a continuous increase
pears in the in-phase componentxac8 (T) with a peak in the
out-phase component,xac9 (T), accompanying both features
In the R2Fe14BHx compounds withR5Nd and Ho, it has
been proven that magnetic disaccommodation, giving ris
magnetic aftereffect, is responsible for the observed n
SRT anomalies.28 In that case, the non-SRT type anomali
are due to domain-wall motion coupled to thermally ac
vated defects. In these compounds, which also pre
SRT’s, the non-SRT anomaly is enhanced in thex i(T) mea-
surements, while the SRT peak is enhanced inx'(T).

By analogy to theR2Fe14BHx with R5Nd and Ho com-
pounds, it is natural to think that in theR5Gd, Dy, and Pr
series the non-SRT anomalies can also coexist with the S
ones, giving rise to different anomalies inxac(T) and causing
some confusion in their interpretation as a HISRT. Since
present we have experience in the study and characteriza
of the SRT and non-SRT anomalies, we have revisited
R2Fe14BHx (R5Gd, Dy, and Pr! compounds measuring
xac(T), M (T), andM (H) on magnetically aligned samples

We have considered the following criteria to disce
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whether an anomaly inxac(T) is due to a SRT or otherwise
Those hard magnets that have uniaxial anisotropy at ro

temperature such as some of the compounds of interest in
present paper,R2Fe14BHx (R5Gd, Dy, and Pr forx<3),
contain 180° domains with their domain walls parallel to t
c axis.30,31 In such case, at low exciting frequency,xac(T) is
due to reversible rotation~RR! of the magnetic moment
within each domain, and to domain-wall displaceme
~DWD!.32–34 In the uniaxial phase, the DWD contribution
significant only inx i(T), when the exciting field is applied
parallel to the domain walls. In contrast, it should be zero
x'(T), because a small perpendicular exciting field does
move the domain walls. As a consequence, if a SRT ta
place atT5Ts , for T.Ts , when the compound is in th
axial phase, the DWD contribution is only expected in t
x i(T) component, while the RR contribution is the ma
contribution tox'(T). Below Ts , the domain structure ma
be modified and both, DWD and RR, give a contribution
x i(T) and tox'(T). Thus, we expect the effect of the SR
in xac(T) to be more pronounced in the perpendicular co
ponent.

We consider that a HISRT takes place, atT5Ts , when
below that temperature a change is observed inx'(T) and
the observed behavior in the magnetization measuremen
consistent with the existence of the phase transition. On
contrary, when anomalous behavior is detected only
x i(T); i.e., neither inx'(T) nor in dc measurements, w
ascribe such behavior as due to DWD and classify it a
non-SRT anomaly. If HISRT and non-SRT phenomena
exist in the same compound, we consider that thex i(T)
anomalies are of non-SRT type only if they take place wh
the compound is in the axial phase~i.e., atT.Ts).

A. Gd2Fe14BHx

In our xac(T) measurements we have found that in
compounds of these series onlyx i(T) shows anomalous be

FIG. 1. In-phase,x8 and out-of-phase,x9 magnetic susceptibil-
ity vs temperature of Gd2Fe14BHx (x50, 2, and 4! measured along
~full line! and perpendicular~dashed line! to thec axis.
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havior. As an illustrative example we show in Fig. 1 th
x i(T) and x'(T) measurements of Gd2Fe14BHx (x50, 2,
and 4!. The absence of anomalies inx'(T) indicates in first
instance that there is no HISRT. Consequently, the ano
lous behavior met inx i(T) is due to DWD. Besides, this
kind of anomaly, an asymmetric peak around 150 K an
subsequent upraise above 250 K, are the typical feature
the non-SRT anomalies described above.

We have also performed dc measurements,M'(T) and
M (H), ~Fig. 2! and, indeed, no trace of an anomalous beh
ior is found, although we can see an important decreas
Ha and Hk as the hydrogen concentration is increased.
nally, we have performed angle dependent magnetiza
measurements at fixed temperature on one of the membe
the series,x53, since this is the most direct way of verifyin
the absence or existence of a nonaxial phase. The ex
ments were made atT550, 200, and 300 K with a bias field
of 0.1 T ~Fig. 3!. At all temperatures the projection of th

FIG. 2. Magnetization vs magnetic field curves of Gd2Fe14BHx ,
x50 ~s!, 1 ~d!, and 3~h!, measured along~upper! and perpen-
dicular ~lower! to thec axis atT55 and 300 K.

FIG. 3. Polar plots ofMpar andMper components of the magne
tization along an applied field of 0.1 T for the compoun
Gd2Fe14BH3 at T550 ~h!, 200 ~d!, and 300 K~s!.
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magnetization along the applied fieldM par is maximum for
u50° and 180° and the projection in the perpendicular dir
tion M per becomes zero foru50° and 90°, as expected for a
axial compound.

Concluding, hydrogenation reduces the anisotropy on
Gd2Fe14BHx series but it does not give rise to any tempe
ture driven SRT. This result is in full contradiction with th
reported presence of a HISRT, ranging between 115 K
x52.8 to 355 K forx54.4 With respect to the previously
observed anomalies in thexac(T) measurements on nonor
ented samples,11 we think that they corresponded actually
the non-SRT anomalies, which we find also in our pres
x i(T) measurements.

To quantify the observed reduction in the total anisotro
we have deduced the dependence onx of the relative macro-
scopic anisotropy constantk1Fe(x)5K1Fe(x)/K1Fe(0) at dif-

FIG. 4. Dependence of the first anisotropy constant
Gd2Fe14BHx on the hydrogen content, normalized to unity atx
50, at different temperatures. Light circles correspond to the d
for the Y2Fe14BHx series atT5290 K from ~Ref. 6!.

FIG. 5. In-phase,x8 and out-of-phase,x9 magnetic susceptibil-
ity vs temperature of Dy2Fe14BHx (x50 and 5! measured along
~full line! and perpendicular~dashed line! to thec axis.
-

e
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ferent temperatures~Fig. 4! from the magnetization measure
ments, applying the Sucksmith-Thompson method.18 In all
cases we observe thatk1Fe(x) decreases linearly up tox53
and tends towards constant values forx>3. In Fig. 4 we also
present thek1Fe(x) data corresponding to the Y2Fe14BHx se-
ries atT5290 K. We observe that the reduction ink1Fe(x) is
practically identical for the Y and Gd compounds, indicati
that in the Gd compounds the orientation of the magnet
tion is mainly governed by the Fe sublattice anisotropy.

B. Dy2Fe14BHx

For the six compounds measured of the Dy2Fe14BHx se-
ries bothx i8(T) and x i9(T) showed an asymmetric peak i
the temperature region 100–200 K, and a further increas
x i8(T) at higher temperatures, accompanied by a second p
in x i9(T) ~Fig. 5!. Both anomalies inx i8(T) andx i9(T) shift
to lower temperatures with increasingx. Anomalous behav-
ior is also found inx'(T) ~Fig. 6!. The most prominent
feature is the absence of any anomaly inx'(T) for x50 and
the appearance of a peak forx>1, which shifts towards
higher temperature asx increases, just opposite to the tren
of the anomaly detected in thex i(T) component. In Table I
we have collected the characteristic temperatures of the
types of anomalies, determined as the temperature a

f

ta
FIG. 6. In-phase magnetic susceptibility vs temperature m

sured perpendicular to thec axis, for the Dy2Fe14BHx (x50, 1, 2, 3,
4, and 5! compounds.

TABLE I. Temperature of the maximum of the anomaly
x i8(T) and x'8 (T) Tmi and Tm' , respectively, and temperature o
the inflection point ofM'(T) Ti , for different hydrogen concentra
tions in the Dy2Fe14BHx series.

Tmi (K) 65 K Tm' (K) 65 K Ti (K) 65 K

Dy2Fe14B 232
Dy2Fe14BH 142 24 30
Dy2Fe14BH2 132 62 60
Dy2Fe14BH3 127 65 65
Dy2Fe14BH4 112 68 70
Dy2Fe14BH5 112 75 75
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maximum, Tmi and Tm' . It should be noted that in the
x'(T) measurements a small peak appears at 11 K due
small quantity of DyFe4B4.35,36 The spurious peak does no
shift for the differentx values since this compound accep
no hydrogen.37

In theM'(T) measurements we have detected an incre
below 150 K; we show this feature forx51, 3, and 5 in Fig.
7. This increase appears forx>1 while there is no such
feature for the pure (x50! compound, except for the sma
contribution due to the DyFe4B4 impurity. The Ti values,
determined as the inflection points of theM'(T) curves,
agree with the temperature at the maximum of the anom
detected inx'8 (T), Tm' ~see Table I!.

We conclude, according to the previously stated crite
that the anomalies inx'(T) and M'(T) correspond to a
true HISRT, while the anomalies inx i(T) are related to
DWD processes. Thus, in the Dy2Fe14BHx compounds both
HISRT and non-SRT anomalies are present simultaneou
The HISRT is induced only for intercalation ratesx>1,
and when the transition is induced,Ts increases with increas
ing x.

Our systematic investigation confirms the HISRT detec
at 75 K in the Dy2Fe14BH4.7 compound,9,14 and the results
obtained from Mo¨ssbauer measurements.15 On the contrary,
our results disagree with the previous report stating that o
the compound withx54 displayed a HISRT atTs545 K.4

Trying to get a deeper insight on the relationship betwe
hydrogen absorption and the modification of the magne
crystalline anisotropy we have applied the CEF mean-fi
model presented in Sec. III to our data. Our aim is to fin
set of bn0(x)5Bn0(x)/Bn0(0) (n52, 4, and 6! parameters
that accounts for the occurrence of a HISRT in t
Dy2Fe14BHx compounds, and the observed dependence
Ts(x).

The first point to note is that the HISRT that occurs in t
Dy2Fe14BHx compounds withx>1 is of second-order type
it depicts a rounded maximum atTs and its shape is very
similar to that found for a second-order SRT, from axial
conical orientation of the EMD.38 This is the type of SRT
present in the Nd and Ho, pure and hydrogenated sampl
fact not so unexpected since the first-order Stevens co

FIG. 7. Temperature dependence of magnetization
Dy2Fe14BHx (x50, 1, 3, and 5! in a magnetic field of 2 T applied
perpendicular to thec axis.
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cient of Nd, Ho, and Dy ions have the same sign (aJ.0). In
a previous work,6 on the Nd2Fe14BHx and Ho2Fe14BHx se-
ries, we were able to explain the different observed trend
Ts(x) in terms of an analytical model that considered th
hydrogenation has the effect of reducing linearly the Fe s
lattice anisotropy, on one hand, and reducing the rare-e
crystal-field parameters, on the other. This model allowed
to derive the evolution of thebn0 (n54 and 6! parameters
with x.6 In order to obtain a preliminary trend of thebn0(x)
parameters in the Dy2Fe14BHx series, we have applied th
method previously used to analyze the SRT’s in the Ho a
Nd series.

In the cited method ,6 the second-order SRT is describe
in the framework of the Landau theory. This allows us
find a relatively simple analytical expression that relates
first anisotropy constantK1R(T,x), with the Bn0 (n52, 4,
and 6! andDex parameters, in the vicinity ofTs .6 The nec-
essary condition for the second-order phase transition to
cur is K1(Ts ,x)5K1Fe(Ts ,x)1K1R(Ts ,x)50. Imposing
some constraints, it is possible to use this condition to ob
information on theb40(x) andb60(x) variation.

The b20(x) dependence is known in the Dy case since
was deduced from161Dy Mössbauer data.15 The quadrupole
interaction data subtracted from the known valence contri
tion, e2qQ5140 mm/s for Dy,39 and normalized to unity is
given in Fig. 8. As was done in the Er, Tm, Nd, and H
cases,6 we can express theb20(x) decrease by the empirica
formula

b20~x!50.8620.135x10.14e25x. ~4.1!

TheK1Fe(T,x) dependence is also known from our prev
ous study on the Y2Fe14BHx compounds.6 The coefficients
Bn0(0) andDex(0) for the pure compound, in which the SR
is absent, have been derived using the CEF method desc
in Sec. III. The results are given explicitly in Table II. W
have verified that, upon substitution of these paramet
K1(Ts ,x)50 has no solution withTs.0 or, equivalently,
there is no SRT, in agreement with experiment.

The b40(x) and b60(x) parameters forxÞ0 can be ob-
tained from theK1(Ts ,x)50 condition assuming two sim

f FIG. 8. Dependence of the CEF parameters on the amoun
interstitial hydrogenx normalized to unity atx50. ForR5Dy: b20

(d) andb405b60 (j). ForR5Pr: b20 (s), b40 (h), andb60 (n).
Crosses corresponds to161Dy Mössbauer data from~Ref. 15!.
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TABLE II. CEF and exchange parameters for the Dy2Fe14BHx series. The PM columns correspond to t
parameters calculated by using the phenomenological model from~Ref. 6! ~see Sec. IV B!. The CEF columns
are the refined data obtained with the CEF model described in Sec. III. We have used the sameDex parameter
in both models.

B20 ~K! B40 (1023 K) B60 (1026 K) Dex ~K!

PM CEF PM CEF PM CEF PM and CEF

Dy2Fe14B 21.50 4.0 29.0 120
Dy2Fe14BH 21.10 21.41 3.8 3.8 28.5 28.5 120
Dy2Fe14BH2 20.88 20.88 2.6 2.7 25.8 26.0 120
Dy2Fe14BH3 20.68 20.68 2.0 2.1 24.5 24.7 120
Dy2Fe14BH4 20.48 20.48 1.4 1.5 23.1 23.2 120
Dy2Fe14BH5 20.27 20.27 0.9 0.9 21.9 21.9 120
n
en

a
ve

ta

a

t t
io

ence
nd

r

ated

aria-
the
ies.

hat

the

d

aly

e
e

the

-
st-

the
s a
plificatory approximations:~1! the exchange field acting o
the rare earthHex does not depend on the hydrogen cont
Dex(x)5Dex(0), and ~2! the higher-order coefficientsb40
andb60 have the same dependence onx, b40(x)5b60(x). The
validity of these approximations is discusseda posteriori
using the full Hamiltonian of Eq.~3.1! ~see below!, although
the first approximation is justifieda priori by the arguments
given in Sec. III.

Then, after substituting inK1(Ts ,x)50 the derived val-
ues ofK1Fe(x), Bn0(0), b20(x) @Eq. ~4.1!#, Dex(0) and the
experimental valueTs(x), for the given value ofx, an initial
set of high-order CEF parametersb40(x) andb60(x) ~Table
II ! is obtained.

With the bn0(x) andDex values obtained in this way as
reference, and assuming the same dependence as abo
K1Fe(x), we have turned to the Hamiltonian of Eq.~3.1! to fit
the experimental dataTs(x), M (T), andM (H). In Fig. 9 we
can see an example, that theM'(T) calculated curves for
x51, 3, and 5 agree satisfactorily with the experimen
ones, after subtracting the nonanomalousM'(x50). The pa-
rameters that give the best fits are presented in Fig. 8
Table II. We note that, except forb20(x51), the refined
parameters require only minor modifications with respec
the parameters obtained with the analytical approximat
We can observe that there is a small reduction ofbn0 for x

FIG. 9. Temperature dependence ofM' for Dy2Fe14BHx (x
51, 3, and 5!, both experimental data (d) and calculated curve
~full line! ~see details in the text!.
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51, and a linear decrease forx.1, till about 75% of the
values for the pure compound.

We have checked that theDex(x)5Dex(0) approximation
is reasonable in the present case, analyzing the depend
of the calculatedTs on the model parameters. We have fou
that in any of the Dy2Fe14BHx compounds theTs depen-
dence on the parameterDex is an order of magnitude smalle
than its dependence on any of theBn0 parameters. We have
also found that for a fixed compound, in the process to fitTs ,
a variation of 10% in the exchange parameter is compens
by a variation of 1% in any of theb20 or b405b60 param-
eters. That is, even in the case of a large variation inDex

caused by hydrogenation, the approximationDex(x)
5Dex(0) only leads to a minor error in theBn0 determina-
tion. Consequently, we judge thatDex(x)5Dex(0) is a good
approximation in the present case, in the sense that the v
tions of these parameter do not play a relevant role in
modification of the macroscopic anisotropy of these ser
Moreover, we have also observed thatb60 is the CEF param-
eter that is less relevant in our calculations. We think t
this is probably the reason why theb40(x)5b60(x) approxi-
mation works so well in these compounds.

Anyway, we can conclude from these results that
HISRT present in the Dy2Fe14BHx series forx>1 can be
explained as caused by a reduction of both the Fe anR
sublattice anisotropy with increasingx.

C. Pr2Fe14BHx

In the Pr2Fe14BHx compounds withx<3, which are
uniaxial at room temperature, we have found inx i(T) the
same type of anomaly as in the Dy case, with the anom
temperature decreasing with increasingx, and no temperature
induced anomaly inx'(T) in the measured temperatur
range~Fig. 10!. No trace of HISRT is detected either in th
M (T) measurements, confirming that thex i(T) anomalies
are of non-SRT type, and that no HISRT is present in
Pr2Fe14BHx compounds withx<3.

However, the pure Pr2Fe14B compound presents a differ
ent type of SRT, induced by an external field, called fir
order magnetization process~FOMP!.40,41 The FOMP is due
to competing effects of the CEF induced anisotropy and
Zeeman polarization effect. Since hydrogenation cause
modification in the CEF parameters,6 the ensuing FOMP
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critical field may also be affected by hydrogen uptake. W
have therefore investigated how the FOMP is modified
hydrogen absorption.

Figure 11 shows ourM (H) measurements for th
Pr2Fe14BH compound. We detect below 200 K a clear step in
M'(H) at a critical fieldHc . This type of anomaly can be
classified as a FOMP type II transition, similar to that fou
in the pure Pr2Fe14B compound.40,41 We have found that for
x<3, the effect of increasing the hydrogen content is to
duce Hc strongly. For instance, in the polycrystalline pu
compound it was reportedHc'14 T atT55 K,41 while we
have determined that it reduces to 6 and 4.2 T forx51 and
3, respectively. In Fig. 12 we show the temperature evolut
of Hc andHk .

The x55.5 compound is different than thex<3 com-
pounds, since it is conical at room temperature. However,
have found inx i(T) the same type of anomalies as in t
x<3 case, at still lower temperature. Consequently, we h

FIG. 10. In-phase,x8 and out-of-phase,x9 magnetic suscepti-
bility vs temperature of Pr2Fe14BHx (x50, 2, and 5.5! measured
along ~full line! and perpendicular~dashed line! to the alignment
axis of the epoxy bonded samples.

FIG. 11. Magnetization vs magnetic field curves of Pr2Fe14BH
measured perpendicular to thec axis at different temperatures.
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also interpreted these anomalies as of non-SRT type
caused by an anomalous contribution of the DWD. The sa
anomalous behavior is also present inx'(T), but an order of
magnitude smaller~Fig. 10!. This is consistent with the fac
that, for x55.5, the domain structure of the conical pha
differs from the simple 180° domain type, and consequen
some contribution of DWD is expected inx'(T). Moreover,
for x55.5 no further anomalous behavior is found inx'(T)
at any other temperature in the range 5–300 K and no tr
of HISRT is either detected in theM (T) or M (H) measure-
ments, as we can see in Fig. 13.

In the same Fig. 13 we can also see that in thex55.5
case, the FOMP just does not take place at any tempera
or field. The magnetic structure seems to remain in the sa
tilted ~conical! phase from 5 K up to 470 K, thetemperature
at which the hydrogen desorption takes place.42 We think
that the observed reduction ofHc for x<3 is so strong that
Hc'0 for x55.5, and, consequently, only the conical pha
exists at any temperature.

FIG. 12. Temperature dependence ofHc ~light symbols! andHk

~dark symbols! in the Pr2Fe14BHx series: (s,d)[ data forx51,
~h,j![ data forx52, (L,l)[ data forx53, and (m)[ data
for x55.5.

FIG. 13. Magnetization vs magnetic field curves
Pr2Fe14BH5.5, measured, along~s! and perpendicular~d! to the
alignment axis of the epoxy bonded sample, at different temp
tures.
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TABLE III. CEF and exchange parameters for the Pr2Fe14BHx series. The PM columns correspond to t
parameters calculated by using the phenomenological model from~Ref. 43! ~see Sec. IV C!. The CEF
columns are the refined data obtained with the CEF model described in Sec. III. We have used the saDex

parameter in both models.

B20 ~K! B40 (1022 K) B60 (1023 K) Dex ~K!

PM CEF PM CEF PM CEF PM and CEF

Pr2Fe14B 25.60 3.5 28.0 100
Pr2Fe14BH 23.25 23.36 3.4 3.4 25.2 25.6 100
Pr2Fe14BH2 22.07 22.52 2.9 2.8 22.8 24.0 100
Pr2Fe14BH3 21.79 21.96 2.7 2.1 22.6 23.2 100
Pr2Fe14BH5.5 20.01 0.4 20.9 100
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From these results we conclude that in the Pr compou
hydrogenation can also destroy the uniaxiality, although
temperature driven HISRT is present in this case, in cont
to the Dy based compounds. Moreover, we have found
the anomalies observed in thexac(T) measurements of th
whole series are of non-SRT type.

Our results are in concordance with the report that
scribes the compound forx55 as nonaxial between 77 an
300 K.3 Whether the phase is fully planar, as these auth
report, or conical as we conjecture from our XRD analys
still has to be ascertained. It should be noted that our res
demonstrate that the anomalies observed forx>1 in the sus-
ceptibility of nonoriented samples,5 corresponded to the non
SRT anomalies found in ourx i(T) measurements.

To obtain a guideline for thex dependence of the CE
parameters we have used the phenomenological model
posed by Asti and Bolzoni.43 In this model one only needs t
know Hc and the magnetization values just below and ab
the FOMP to calculate the anisotropy constantsKi ( i 51, 2,
and 3!. By using a linear approximation in the crystal field,44

we were able to obtain the corresponding CEF parame
Bn0 (n52, 4, and 6!. In this way, a rough estimation of th
bn0(x) dependence was obtained~Table III!.

With these parameters as a reference, taking the app
mationDex(x)5Dex(0), andassuming theK1Fe(T,x) depen-
dence deduced from the Y-based compounds,6 we have used
the full solution of Eq.~3.1!, to obtain the CEF parameter
that give the best fit to theM (T,H) experimental curves
~Fig. 8 and Table III!. In Fig. 14 we present theM (H)
curves forx51 and 3 atT55 and 300 K compared with th
calculated ones. For the parent compound (x50! we have
looked for the parameters that reproduce the valuesHc(T
54.2 K!514 T and Hk(T5300 K!59 T, obtained for
aligned polycrystalline samples,41 and which allow us to re-
produce our experimental magnetization vs field curves~see
Table III!. We note that for thex<3 compounds the approxi
mation b40(x)5b60(x), previously used in the Dy series
does not hold in the Pr compounds; that is, with this rest
tion we cannot find a set of parameters that reproduces
experimental data.

Finally, for the Pr2Fe14BH5.5 compound, in which there
is no FOMP, as a test hypothesis, we have extrapolated
early thebn0(x) coefficients calculated forx<3. We have
also assumed thatDex(x)5Dex(0) to calculateHk and the
equilibrium magnetic phases forx55.5 to compare with the
measurements. We have found that the coefficientsb20
5231023 and b405b605131021 predict correctly that at
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4.2 and 300 K the compound is in a conical phase, in ag
ment with observation. The calculated conical angle is 5
and 40° forT54.2 and 300 K, respectively, in reasonab
agreement with the estimation drawn from XRD~see Sec.
II !. However, the value ofHk50.5 T predicted at 300 K,
falls short of the experimental one~2 T!. The parameters tha
give the best fits for the whole series are shown in Fig. 8 a
listed in Table III. In this case, the decrease in thebn0 pa-
rameters is nearly linear withx and quite strong, becoming
nearly zero at the maximum hydrogen contentx55.5.

We have also analyzed the influence of the variation
Dex in the determination ofHk and Hc , finding similar re-
sults as in the Dy case. We have also observed that in o
to account for the FOMP phenomena and its hydrogen
pendence, theb60 parameter has a larger influence in o
calculations than in the description of the HISRT. We thi
that this is the reason why theb40(x)5b60(x) approximation
does not work well in the Pr-based compounds.

Concluding, we have found that we can explain the m
features of the behavior observed in the Pr2Fe14BHx com-
pounds with practically the same hypothesis that we h
used to describe the HISRT in the Dy2Fe14BHx series.

V. SUMMARY AND CONCLUSIONS

We have found that in the Gd2Fe14BHx series no SRT is
induced by hydrogen uptake. These compounds remain a

FIG. 14. Field dependence of the magnetization for Pr2Fe14BHx

(x51 and 3!, both experimental data,M i(s), and M'(d), and
calculated curve~full line!.
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although a considerable hydrogen induced decrease in
magnetocrystalline anisotropy was observed. In contrast,
drogenation can induce the loss of the uniaxiality in the D
and Pr-based compounds. In the case of the Dy2Fe14BHx
series, a temperature driven HISRT takes place forx>1,
increasing the transition temperatureTs with increasingx. In
the Pr2Fe14BHx compounds, there is no temperature driv
SRT, however, we have found that hydrogenation redu
remarkably the critical field at which the FOMP takes pla
This reduction is so strong thatHc'0 for the x55.5 com-
pound, which remains in a conical phase in the tempera
range 5–470 K, in contrast to the Pr2Fe14BHx compounds
with x<3, which are axial in the same temperature rang

Moreover, the fact that the measurements were perform
on magnetically aligned powders has allowed us to iden
most of the anomalous behavior detected inxac(T) as non-
SRT phenomena. In fact, we think that these phenom
could be one of the origins of the controversy found in t
existence of a HISRT in theR2Fe14BHx (R5Gd, Dy, and Pr!
compounds.

We have found that the reduction of the magnetocrys
line anisotropy observed in the Gd2Fe14BHx compounds can
be quantified as a decrease ofK1Fe(x) with increasingx, very
similar to that found for the Y2Fe14BHx series.6

Assuming the same decrease ofK1Fe(x) for the Dy and Pr
series we have found that the effect of hydrogenation on
HISRT and FOMP transitions observed in the Dy and
series, respectively, can be described in terms of the decr
of the Bn0 (n52, 4, and 6! parameters.
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Similar conclusions have been previously obtained in
study of the hydrogenation effects on the spin reorientat
transitions of the Nd2Fe14BHx and Ho2Fe14BHx compounds.6

Thus, a general conclusion from this study is that the eff
of hydrogen on the different transitions, SRT, HISRT, a
FOMP has the same origin, namely, the combined effect
the reduction in the Fe sublattice anisotropy and the decre
of the CEF parameters under hydrogenation.

Concerning the differences observed in thebn0(x) depen-
dencies forR5Dy and Pr, we have not found in the prese
paper a direct relationship between these trends and the
ferent filling sequences of the H interstitial sites for Pr~light
R) and Dy ~heavy R) compounds.26,45 This is in contrast
with a previous conjecture derived from the different beha
ior of the bn0(x) ratios between the Nd~light R) and Ho
~heavyR).6

Finally, we have also found that a possible decrease of
exchange interaction with hydrogenation has a minor eff
on the modification of the magnetocrystalline anisotro
compared to the effect of the reduction of the CEF para
eters in these series.
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