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N d2 Fe1 4 À x Six B ( x : , 0.5, 0.75, 1.0, 1.5, 2.0) inte rmet alli c com -
p ound s were in vesti gated by magnetometry , 5 7 Fe M �ossbauer e˜ect, electric

resistivi ty , and di˜erential scanning calorimetry mainly in the vicini ty of the
spin reorientation temp erature, T . The C urie temp erature, T , and T

w ere determined for di˜erent comp ositions and the spin phase diagram w as

constructed. 57 Fe M�ossbauer spectra show ed noticeabl e changes in the re-
orientation region. For temp eratures above the transition, the spectra were
analysed using 6 Zeeman patterns associated w ith 6 ine qui valent crystal sites
in N d2 Fe14 B according to site occupations (16 k1 :16k 2 :8j 1 :8j 2 :4c: 4e). In the

transition region, 12 subsp ectra had to be incorp orated in the analysi s. Elec-
tric resistivity measurements show ed a typical metallic behavio ur w ith no
anomalies in the magnetic transition region. Di˜erential scanning calorime-

try measurements revealed broad endothermic tw o stage p eaks around T .

PACS numb ers: 75.50.Ww , 76.80.+ y, 64.60. {i

1. I n t rod uct io n

Nd Fe B is now the leadi ng m ateri al for perm anent magnet appl icati ons.
The Nd Fe B typ e com pounds crysta l l ise in a tetra gonal structure wi th space
group [1]. Iro n ato ms occupy six non-equi valent crysta l sites (16k ,
16k , 8 j , 8j , 4e, 4c), the rare-earth ions occupy 4f and 4g crysta l lographi c sites
and boron is located at 4g site [2]. Sil icon substi tuti on into thi s compound causes a
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slight increase in the Curi e temperature and bri ngs changes in the spin reori enta-
ti on phenom enon observed in Nd 2 Fe1 4 B around 130 K [3]. Thi s magneti c tra nsi ti on
is from coni cal spi n arra ngement (spi ns ti l ted from crysta l lographi c c-axi s below
T SR ) to axi al spi n arra ngement (spi ns al igned along c-axi s above T SR ).

Neutro n-di ˜ra cti on study of Nd 2 Fe1 4 À x Six B showed tha t sil icon exhi bi ts a
stro ng preference for the iron 4c sites, a m oderate pref erence for the 8j 1 site, is
alm ost excluded from the 16k site, and is to ta l ly excluded from the 8j , 16k ,
and 4e sites [4]. Sil icon site occupati ons were studi ed also by Fe M �ossbauer
spectroscopy [5, 6].

In our study , Nd Fe Si B , 0.5, 0.75, 1.0, 1.5, 2.0) com pounds
have been investigated by m agneto metry , FeM�ossbauer e˜ect, electri c resisti vi ty ,
and di ˜erenti al scanni ng calorim etry (DSC) to establ ish the inÛuenceof sil icon on
the spin reori entati on phenomenon. Our main goal was to determ ine the spin phase
di agram, the tem perature span of the m agneti c tra nsiti on and the inÛuence of thi s
tra nsiti on on hyp erÙne intera cti on param eters, as wel l as to study the therm al
e˜ect connected wi th the tra nsiti on.

Nd Fe Si B compounds were produced by a standard pro cedure of the
inducti on m elti ng under Ûowi ng high puri ty argon and the subsequent anneal ing
at C for two weeks. In the case of i ron substi tuti on by sil icon up to ,
the X- ray and therm om agneti c analysis showed the presence of only one pha se.
For higher sil icon content a m ixture of phases has been observed. How-
ever, the M�ossbauer spectra indicated a smal l am ount of natura l iron im puri t y
(about 2%) for Nd Fe Si B, , 1.5 compounds. These impuri t y pat-
terns were subtra cted from the experim ental spectra by a num erical pro cedure.
Ma gneti c m easurements were perf orm ed using a SQUID m agneto meter from the
tem perature 4.2 K to 300 K and by using a Faraday- t ype balance in the tempera-
ture range 300{ 770 K. The ac-electri cal resistivi ty measurements were perform ed
wi th a six- probe m etho d on bar- shaped sam ples in the tem perature range 4.2 K
to 300 K. Fe M�ossbauer tra nsmission spectra were recorded from l iquid ni tro -
gen tem perature to room tem perature using a Co(R h) source and a com puter
dri ven constant accelerati on mode spectrom eter. The spi n reori enta ti on tra nsi ti on
has been studi ed extensi vel y by narrow step tem perature scanni ng in the reorien-
ta ti on region. A hi gh puri ty meta ll ic i ron foi l was used to cal ibrate the vel ocity
scale. Isom er shifts were given wi th respect to the centre of gravi ty of the room
tem perature i ron M�ossbauer spectrum . Two sam ples of Nd Fe Si B, ,
0.5 have been studi ed also by D SC in the tem perature range 165{ 295 K. The
m easurements were perform ed in heati ng and cool ing cycl es at di ˜erent scanni ng
rates.
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3. R esul t s an d d iscu ssio n

The spin reorienta ti on and Curi e tem peratures determ ined from m agneti c
m easurements were used to construct the spi n phase diagram (Fi g. 1). Sil icon
substi tuti on into Nd 2 Fe1 4 B causes an increase in the Curi e tem perature and a
decrease in spin reorienta ti on tem perature so the coni cal spi n structure region is
getti ng smal ler up on Si substi tuti on.

Fig. 1. Spin structure phase diagram for N d2 Fe14 À x Six B system.

El ectri cal resistivi ty m easurements of Nd 2 Fe1 4 À x Si x B ( [7], 0.5, 1.5,
2.0) were perf orm ed in the range from 4.2 K to 300 K. The behavi our is typi cal of
m etal l ic com pounds, no anomalies were observed in the tra nsi ti on region. Appl yi ng
Ma tthi essen' s rul e, the to ta l resisti vi ty can be wri tten as [7]:

(1)

where is the tem perature indep endent residual resisti vi ty , is the resisti vi ty
ari sing from electron{ phonon scatteri ng and is the magneti c (spi n) resisti vi ty ,
respect ively. increasesfrom cm (f or ) to cm (for ) upon
Si substi tuti on. Changes in may be due to the lower numb er of conducti on
electrons carri ed by Si ato ms tha n by Fe ato m s and to the di sorder intro duced by
the Si substi tuti on.

Selected M�ossbauer spectra for the Nd Fe B interm etal li c com pound
are shown in Fi g. 2. The Lorentzi an appro xi mati on was used to describe the l ine
shape of the M�ossbauer spectra . A simul taneous Ùtti ng of several M�ossbauer spec-
tra gave opportuni ty to establ ish consi stent descripti on of al l spectra and the tem -
perature dependence of hyp erÙne intera cti on param eters. The spectra above the
region of spin reori entati on were analysed using six Zeeman subspectra corresp ond-
ing to the six crysta l lographi cal ly distinct sites. The relati ve areas of the sextets
were ta ken from the silicon occupati on data obta ined from the neutro n di ˜ra cti on
resul ts, given in [4]. Each subspectrum was characteri sed by the f ollowi ng hyp erÙne
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Fig. 2. Selected 57 Fe M�ossbauer transmissi on spectra for the N d2 Fe14 À x Si x B (x = 0: 5 )

intermetallic comp ound. T he solid lines are Ùts to the data. The stick diagrams show

the line positions and relative intensities. Positions of the sixth line of 8j 2 sextets are

speciall y marked. In the transition region 8j 2 has two positio ns, corresp ondin g to \low "

and \high temp erature" Zeeman sextets, marked by arrow s.

intera cti on param eters: m agneti c Ùeld, H , isom er shift, I S , quadrup ole spli tti ng,
Q S (deÙned as [(V 6 À )], where are veloci ti es correspondi ng to
M�ossbauer l ine positi ons from the left to the ri ght).

The am pl itude of the sixth, separated l ine of the 8j subl atti ce Zeeman sextet
(Fi g. 2) whi ch changes i ts value wi th increasing temperature in the tra nsi ti on
region is the result of the spl i tti ng of 8j Zeeman sextet into two parts, in a sim i lar
m anner as described for Er Fe B compound [8]. In thi s descripti on i t was assumed
tha t there is a coexi stence of the \ low " and \ high tem perature" Zeeman sextets
in the tra nsiti on region. The \ low temperature" sextets describe the spectra in
tem peratures below the tra nsiti on whi le the \ high tem perature" sextets describe
the spectra above the tra nsiti on. In the spin reori enta ti on region the \ low" and
the \ hi gh tem perature" Zeeman sextets exchange gradual ly (b etween them selves)
thei r contri buti ons and to the to tal spectrum . T emperature dependencies
of subspectra contri buti ons , of both ki nds of Zeeman sextets are shown in
Fi g. 3. From thi s pl ot we deri ved the tem perature span of spin reori enta ti on to be
90{ 160 K.

In the region of tra nsiti on the \ low" and \ hi gh tem perature" Zeeman sex-
tets have di ˜erent values of and . In the descripti on of spectra , the weak,
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Fig. 3. Temp erature dep endencies of subspectra contributions for both C l | \low tem-

p erature" (op en triangle) and C h | \high temp erature" (solid triangle ) Zeeman sextets

and temp erature dependenci es of hyp erÙne parameters: H ; Q S; I S for N d2 Fe14 À x Six B,

x = 0: 5 . T he average errors are H (0. 1 T ), QS (0.01 mm /s), I S (0. 01 mm/s).

system ati c changes of H and Q S wi th tem perature were ta ken into account. Al so
a comm on l inear dependence of I S (Fi g. 3), caused by second- order Doppl er shift
e˜ect was assumed for \ hi gh" and \ low temperature" Zeeman sextets.

The tem perature dependenci es of the hyp erÙne m agneti c Ùeld derived f rom
the spectra are shown in Fi g. 3. The attri buti on of to the crysta l subl atti ceswas
based on the nearest neighb ours argum enta tio n [2]. The hyp erÙne magneti c Ùeld
decreases wi th the increase in temperature for al l sublatti ces. The behavi our of

is connected wi th the change of angle between the easy axi s of magneti sati on
and the electri c Ùeld gradient [9]. parameters are tem perature independent for
al l subl atti ces.

The D SC m easurements of Nd Fe Si B, , were perf orm ed in heat-
ing and cooling cycl es at di ˜erent scanni ng rates. The best results were obta ined in
scans wi th the rate of 50 K / m in. In Fi g. 4 there are shown the heat Ûow anomali es
accom panying the spi n reori enta ti on from conical to axi al spi n arrangement (upp er
curve) wi th increasing tem perature for Nd Fe Si B, . The endotherm ic
(heati ng) and exotherm ic (co ol ing) changeshave the character of two stage anom a-
l ies. Earl ier D SC study of the simi lar system Nd (F e Co B, , 0.1 [10]
also reports the endotherm ic tra nsi ti on due to spi n reori enta ti on.

In thi s typ e of spin reori enta ti on tra nsiti on i t is di£ cul t to establ ish the
spi n reori enta ti on tem perature from DSC data. Onl y the span of spin reori enta-
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Fig. 4. Endothermic transition due to spin reorientation measured by di˜erential scan-

ning calorimetry for the N d2 Fe14 À x Six B, x = 0 : 5 comp ound. U pper and low er curves

show results of measurements, w hich w ere p erformed on heating (h indexes) and cooling

(c indexes), respectively , both at rate 50 K /min. T 1 and T 2 are the temp eratures taken

as the onset and the end of p eak, resp ectively .

ti on tra nsi ti on was estimated to be 45 K, from 105 K to 150 K. From calori m etri c
m easurements the entha lpy of tra nsi ti on was estimated to be Â H =

( 0 : 3 7 Ï J/ g. The same typ e of anom alies were detected for sam ple .
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