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Spin-glass behavior in mechanically milled crystalline GdN

D. X. Li,* K. Sumiyama, and K. Suzuki
Institute for Materials Research, Tohoku University, Sendai, 980-77 Japan

T. Suzuki
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~Received 24 September 1996!

Concentrated spin-glass behavior is discovered in a mechanically milled crystalline compound GdN. We
report on measurements of magnetic relaxation and both ac and dc magnetic susceptibility at temperatures
between 2 and 300 K in a magnetic field up to 5 T. Both ac and dc magnetic susceptibility measurements show
a peak at freezing temperaturesTf that strongly depends on the frequency and amplitude of the applied
magnetic field. The magnetic relaxation measurement shows a slow decay of the remanent magnetization with
time belowTf , which is well described by an exponential function in a long time scale and a reciprocal
proportion function in a short time scale. The results strongly suggest that spin-glass behaviors exist in
mechanically milled crystalline compound GdN with the magnetic element as high as 50 at. %.
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I. INTRODUCTION

A spin glass is a particular type of magnetic system
which no conventional long-range order~of ferromagnetic or
antiferromagnetic type! can be established. Nevertheless t
system exhibits a ‘‘freezing transition’’ to a new kind o
‘‘ordered’’ state in which the magnetic moments are froz
in random directions. Since the experimental evidence of
spin-glass behavior found by Cannella and Mydosh,1 numer-
ous examples of spin glass have been discovered,2–6 and
there has been a continuous interest in trying to unders
their physical properties. A necessary prerequisite for a s
glass is structural disorder of atoms~or clusters!. Structural
disorder achieved by either decrystallizing the materials
random occupation of crystal sites is common in spin-gl
systems. By rapid quenching or sputtering techniques, s
glass states are realized in amorphous alloys wh
magnetic element content is up to about 70 at.
such as Gd0.37Al 0.63,

7 ~FexNi 12x)75P16B6Al 3,
8 and

~FexMn12x)75P16B6Al 3.
9 Using the diluting method, spin

glass states are also obtained with a rather low conten
magnetic elements~in the range 1023–1021). Au12xFex
and Cu12xMn x are the typical examples. In recent years,
mechanical milling technique has been used as a metho
realize spin glasses. The first spin glass discovered by Z
and Bakker in ball-milled materials is amorphous CoGe,10,11

and recently, they succeeded in realizing a crystalline s
glass GdAl2 ~Ref. 5! with the magnetic element content o
33 at. %.

In this paper, we describe the spin-glass behaviors
single-phase crystalline compound GdN produced by hi
energy ball milling~hereafter noted as bm-GdN!. Since the
magnetic element content in this system is as high
50 at.%, we call this bm-GdN a concentrated spin-glass
tem.

GdN with the NaCl-type crystal structure is a typical lo
carrier, strongly correlated electron system, revealing my
rious magnetic properties. The band-structure calculatio12
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suggests a semiconducting character for GdN. However,
perimental results13 indicate GdN to be semimetallic. Th
magnetic structure of GdN has also given rise to much c
troversy. Many authors14–16 have reported a ferromagnet
transition at 65–75 K and a paramagnetic Curie tempera
of 70–90 K for GdN. Based on magnetization and init
susceptibility measurements, Wachter and Kaldis13 claimed
GdN at low fields to be antiferromagnetic with a Ne´el tem-
peratureTN540 K. They stated that GdN would be an an
ferromagnet in zero field, if the carrier concentration in Gd
is less than 1023 per Gd atom. With increasing the carrie
concentration, an oscillatory Ruderman-Kittel-Kasuy
Yosida interaction is superimposed on an antiferromagn
superexchange interaction and GdN changes from the ab
mentioned antiferromagnetic state to another antiferrom
netic one via a ferromagnetic state. Previously, we repo
that GdN with a 8S7/2 ground state is an exchange
dominating magnetic system.17 Intense competition betwee
ferromagnetic and antiferromagnetic interactions exist
GdN, and thus the magnetic structure of GdN is very sen
tive to its carrier concentration, 4f energy level, lattice con-
stant, and lattice defects. Different preparation methods l
to GdN samples with different degrees of stoichiometry, a
therefore with different carrier concentrations. This may
why GdN can exist as a ferromagnet as well as an antife
magnet at low fields, as shown by many authors. In t
context, if we can make the Gd ions randomly occupying
crystal sites in GdN by mechanical milling, the ferroma
netic and antiferromagnetic interactions between near
neighbor Gd ions would coexist, and thus the concentra
spin-glass behavior would be observed in bm-GdN.

II. EXPERIMENTAL METHODS

It is difficult to obtain a stoichiometric GdN sample due
the high melting point and high vapor pressure. We applie
high-pressure method to prepare the starting compound G
by using a hot isostatic pressure furnace. Flakes of Gd m
6467 © 1997 The American Physical Society
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of 99.9% purity in an open tungsten crucible were direc
reacted with nitrogen at 1600 °C and a N2 pressure of 1300
atm for 3 h. X-ray diffraction patterns showed a single pha
with the NaCl structure for the crude compound GdN p
pared in this way. Ball milling was carried out in a harden
steel vial, in which the powder sample and stainless ball w
the weight ratio of 1:7 were sealed in argon atmosphe
Chemical analysis indicated that the increase of impu
~mainly being Fe atoms! in the bm-GdN sample with milling
time was about 0.8 wt. % per 100 h. The ac and dc susc
tibilities ~magnetization! were measured using a superco
ducting quantum interference device operating in the te
perature range 2<T<300 K, magnetic field range
0<H<5 T, and frequency range 0.01<n<1000 Hz.

III. EXPERIMENTAL RESULTS

Figure 1 illustrates the x-ray diffraction patterns of t
crude GdN and bm-GdN samples milled for different time
High-energy ball milling results in broadening of all Brag
peaks and disappearance of a few diffraction lines with
creasing the milling time. These features are ascribed to
fects of chemical disorder, internal stresses, and the re
ment of crystalline size as observed in mechanically mil
compounds.5 Several Bragg peaks can still be observed a
milling for 1000 h. After 1530 h of milling, however, only a
broad peak with a very small intensity appears, and the
terial seems to reach an amorphous state. Figure 2 show
temperature dependence of the real partx8(n,T) of ac sus-
ceptibility, xac, measured in a frequency ofn5100 Hz for
bm-GdN after typical periods of milling. Before milling

FIG. 1. X-ray diffraction patterns of bm-GdN samples aft
milling for typical periods.
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compound GdN shows the ferromagnetic behavior with
Curie temperatureTC558 K and the paramagnetic Curi
temperatureuP581 K. These agree with our specific he
measurements.17 As the milling time increases, this ferro
magnetic character decreases and disappears after 100
milling. On the other hand, starting from 10 h of milling
another anomalous peak appears at about 22 K, much lo
thanTC558 K, indicating the formation of a new magnet
phase. The peak intensity increases with milling time up
100 h of milling, indicating the homogenization and the i
crease of the amount of this new magnetic phase. After
h of milling, the peak intensity decreases with milling tim
up to 1000 h. In contrast to the change of the peak intens
the change of peak temperature with milling time is not
evident up to 1000 h of milling. The highest peak tempe
ture is observed at 27 K after 100 h of milling with th
highest peak intensity. As discussed later, this anoma
peak in bm-GdN is attributed to a spin-glass transition. Af
1530 h of milling, however, the material seems to reach
amorphous state~see Fig. 1!, and two peaks, a small peak
about 10 K and a large and broad peak at around 80 K, w
observed in thex82T curves. These phenomena will be di
cussed in a separate paper. In this paper, we focus our a
tion on the spin-glass behavior of the bm-GdN sample. B
cause all the samples milled from 100 to 1000 h exh
similar behavior, we will present the characteristic resu
obtained for a typical sample milled for 600 h~hereafter
noted as bm-600h-GdN!.

Spin glass is characterized by a cusp in ac susceptibilit
freezing temperatureTf . Tf depends on the frequency of th

FIG. 2. Temperature dependence of the real part of the ac
ceptibility of bm-GdN after milling for typical periods. A frequenc
of 100 Hz was used.
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55 6469SPIN-GLASS BEHAVIOR IN MECHANICALLY MILLED . . .
applied magnetic field. The ‘‘true’’Tf should therefore be
estimated by extrapolation to the dc limit. Figure 3 shows
temperature dependence ofx8(n,T) of bm-600h-GdN mea-
sured under different frequencies. It is clear that a sharp c
at Tf521.7 K appears under a frequency of 0.1 Hz, a
below this frequencyx8 is almost frequency independen
indicating that a true equilibrium limitx(0) has been
reached. With increasing the frequency, the peak inten
decreases, while the peak temperature increases. The
quency dependence of the peak temperature is depicte
Fig. 4, theTf(n) data can be fitted fairly well by the follow
ing expression:

Tf~n!5T0e
2a/~n1b!, ~1!

FIG. 3. Temperature dependence of the real part of the ac
ceptibility of the bm-600h-GdN sample measured at a different
quencyn of the applied ac field.

FIG. 4. Freezing temperatureTf(n) of bm-600h-GdN plotted vs
the frequencyn ~closed circle!. The solid line represents the bes
fitting result usingTf(n)5T0e

2a/(n1b) with T0523.68 K,a53.5
Hz, andb538 Hz.
e

sp
d

ty
fre-
in

with T0523.68 K,a53.5 Hz, andb538 Hz, as shown by
the solid line in Fig. 4.

Another important feature of all spin glasses is that the
susceptibility strongly depends on the magnetic history~or
irreversibility! below Tf , ~i.e., the difference between th
zero-field-cooled~ZFC! and field-cooled~FC! magnetiza-
tions. This difference is clearly observed in our bm-600
GdN sample as illustrated in Fig. 5. TheM /H gives the
initial ac susceptibility when the applied fields are so sm
that magnetization is roughly proportional to the suscepti
ity. For the ZFC measurement, the sample was cooled in
absence of an external magnetic field fromT5300 K to
T52 K. Then a field of 50 G was applied and the magne
zation was measured as a function of increasing tempera
For the FC measurement, the sample was cooled in the p
ence of magnetic fieldH550 G fromT5300 K toT52 K.
Then the magnetization was measured as a function of
creasing temperature under this field. At sufficiently hi
temperatures~above 75 K! a typical paramagnetic behavio
is observed: there is no difference between ZFC and
magnetization. Below 75 K, the ZFC magnetization starts
deviate from the FC magnetization, and belowTf519 K,
this irreversibility is more marked. The ZFC curve exhibits
characteristic cusplike maximum atTf , while the FC curve
only exhibits a kink atTf . For the FC magnetization, th
measurement is reversible. This is in contrast to the Z
magnetization. After applying a field at a temperature bel
Tf , the ZFC magnetization jumps to a finite value followe
by a slow additional increase. This irreversible contributi
to xZFC decays very slowly if the field is suddenly switche
off, as explained later.

It is also a characteristic feature of spin glasses that
temperature of cusplike maximum appearing in ac or dc s
ceptibility curves is very sensitive to the external magne
field. TheM /H vs T curves~ZFC! of bm-600h-GdN in dif-
ferent external dc magnetic fields are given in Fig. 6.
cusplike maximum similar to that in the ac susceptibility
evident when measuring in a low field. With increasing t
applied field, this maximum shifts to a lower temperatu
and the value ofM /H decreases. UnderH52 G, the maxi-
mum is observed at 20 K, which shifts to 2 K underH55
kG and disappears when the field is higher than 5 kG.

s-
-

FIG. 5. M /H vs T curves for bm-600h-GdN after zero-fiel
cooling ~ZFC! and field cooling~FC! measured in a field of 50 G.
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The other important characteristic feature of spin glas
is the existence of remanence and magnetic relaxation on
macroscopic time scale when changing the magnetic fi
belowTf . This is also observed clearly in our bm-600h-Gd
sample. Figure 7 shows the time decay of remanence
bm-600h-GdN measured at different temperature belowTf .
This measurement was carried out as follows. The sam
was first cooled from a temperature much higher thanTf in
zero field to the desired temperature, then a magnetic fiel
1 T was applied for about 5 min. After switching off th
magnetic field, the remanent magnetization was measure
a function of time. It is clear from this figure that the rem
nent magnetization of bm-600h-GdN decays so slowly w
time t that a nonzero remanence is observed over 3 h.
decay rate is a function of temperatureT and the time-
dependent remanent magnetizationM (T,t) can be fitted very
well by the following equation:

M ~T,t !5M0~T,`!1a~T!/~11t !1b~T!exp@2t/t~T!#,
~2!

whereM0(T,`), a(T), b(T), and t(T) are the fitting pa-
rameters which depend only on the temperature. At a fi
temperature,M0(T,`) is a constant representing the rem
nence value extrapolated to an infinite time.a(T) indicates
the main part of the remanence difference betweent50 and
t→`, because the coefficientb(T) is much smaller than
M0(T,`). t(T) represents an average relaxation time. T
best-fitting results obtained by using the least-squa
method are shown as the solid lines in Fig. 7 and the fitt
parameters are listed in Table I. The values ofM0, a, and
b decrease with increasing temperature, whilet is almost

FIG. 6.M /H vsT curves~ZFC! for bm-600h-GdN measured in
various dc magnetic fields.
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independent of the temperature in the temperatures
5<T<15 K for the bm-600h-GdN sample. The second te
in Eq. ~2! is important only at the short time scale. Th
relaxation of the remanent magnetization for bm-600h-G
shows reciprocal dependence ont at the short time scale
With increasingt, the second term contribution becom
smaller, and the decay law of remanent magnetization
bm-600h-GdN fort.10 min can be described by an exp
nential term as observed for Au1002xFex .

18 It is worthwhile
noting that there exists a lot of experimental data on
magnetic relaxation behavior of spin glasses and vari
equations corresponding to different samples are used t
these data.19 This suggests that perhaps not all spin-gla
properties are universal and that the glasslike structure m
vary in its details from system to system.

IV. DISCUSSION

The present results shown above prove that bm-60
GdN undergoes a single paramagnetic to spin-glass trans
with a freezing temperature of about 21.7 K~defined by the
peak temperature in the ac susceptibility measured un
n50.01 Hz! upon cooling from room temperature to lowe

FIG. 7. Decay of remanence as a function of time in bm-60
GdN measured at different temperatures. The solid lines repre
the best fitting results by using the least-squares method.

TABLE I. ‘‘Best-fit’’ parameters of Eq.~2! for the decay of
remanence with the time of the bm-600h-GdN sample measure
different temperatures using the least-squares method.

T ~K! M0 ~emu/g! a ~emu sec/g! b ~emu/g! t(103 sec!

5 0.55 9.38 0.11 3.01
7 0.32 5.78 0.07 3.01
9 0.15 3.14 0.03 3.01
15 0.06 1.06 0.01 3.00
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55 6471SPIN-GLASS BEHAVIOR IN MECHANICALLY MILLED . . .
temperatures. The freezing temperatureTf shifts to lower
temperature with increasing the magnetic field. Using the
magnetization data measured under different fields~see Fig.
6!, theTf vsH phase diagram is established and displayed
Fig. 8. At the lower magnetic-field region, the Ne´el tempera-
ture TN of a long-range-order Heisenberg antiferromag
slightly decreases with increasingH, while in spin glasses
the decrease ofTf is marked. We have reported that th
initial compound GdN is a ferromagnet withTC558 K, and
the TC value does not change even in a magnetic field o
T.17 Thus, the change inTf of bm-600h-GdN at the lowe
field region ~Fig. 8! represents the intrinsic feature of sp
glasses.

Note that the spin-glass behavior of compound GdN
observed only in the samples after ball milling. One quest
is, what happens in the milled samples? First, ball milli
will introduce atomic disorder. This is believed to be t
main reason for the spin-glass behavior in bm-GdN mil
for more than 10 h. Several impurities~mainly Fe atoms! can
infiltrate into the samples in the milling stage. However, th
effects on the spin-glass state are considered to be sm
because the x-ray diffraction patterns and magnetic pro
ties are restored after annealing the bm-GdN samples to
original phases. The Fe contamination from the milling to
seems to behave superparamagnetically, and this super
magnetic effect is also weak, as explained later. On the o
hand, using a dc sputtering method, we have also prep
the GdN film samples with almost no iron and low oxyg
impurity. By controlling the temperature of the substrate,
obtained a sample whose x-ray diffraction patterns are s
lar to that of the bm-600h-GdN sample, indicating the sim
larity in structure for them. The ac and dc susceptibility me
surements also clearly show the spin-glass behavior for
film sample. Thus, the impurity effect on the spin-glass sta
in bm-GdN must be small. Recently, Kasuya and Li20 dis-
cussed the strong ferromagnetism in the starting compo
GdN originating from the cross processes between thef -d
mixing and f -d exchange interactions. For GdN with th
NaCl structure, since N atoms are located in the positi
between the nearest-neighbor Gd atoms, this mechan
gives a positive magnetic coupling between nearest-neigh
Gd atoms at low temperatures, and the next-nearest-neig

FIG. 8. TheTf vs H phase diagram for bm-600h-GdN. Th
closed circles denote the peak temperatures in dc magnetiz
measurements.
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one is rather weak. Ball milling introduces atomic disord
but preserves the original crystalline structure, leading to
random occupation of Gd and N atoms on the two crystall
sites. Thus, at low temperatures, the Gd-N-Gd near
neighbor interactions are positive, favoring parallel alig
ment of the Gd magnetic moments, and the Gd-Gd ones
negative, favoring antiparallel alignment of the moments;
unique spin configuration is favored in this case. The co
petition between the ferromagnetic and antiferromagnetic
teractions leads to the formation of a spin-glass state in
bm-GdN samples at low temperature.

It should be noted that the ZFC and FC curves in Fig. 5
not coalesce even above the spin-glass transition: the FC
lie slightly above the ZFC data up to 75 K. This is partly d
to experimental inaccuracy. However, since such irreversi
ity has not been observed in other spin-glass systems,
have to take into account Fe contamination from the milli
tools: Fe impurities cause a superparamagnetic contribut
leading to irreversibility between the ZFC and FC magne
zation curves aboveTf .

21 Indeed, the simple paramagnet
to spin-glass transition is observed only for the samp
milled for 10<t<1000 h. After 1530 h of milling, when the
sample becomes amorphous, its magnetic behavior is
complicated. In order to check the role of Fe contaminati
the bm-1530h-GdN sample was annealed at 800 °C for 7
The dc magnetization curves at a field of 10 G before a
after annealing show more marked irreversibility, and th
the superparamagnetic behavior is ascribed to Fe contam
tion. In Fig. 5, however, the irreversibility between the ZF
and FC magnetization curves aboveTf is rather small, and
therefore the effect of Fe impurities seems to be weak in
bm-600h-GdN sample. Detailed results of superparam
netism originating from Fe impurities will be discussed els
where.

In conclusion, a concentrated binary spin glass, crystal
GdN has been obtained by high-energy ball milling, in whi
the magnetic element Gd concentration is as high as
at. %. This is even higher than that in the first ball-mille
crystalline spin glass, i.e., bm-GdAl2.

5 The discovery of
spin-glass behaviors in mechanically milled crystalline G
is significant. It is again proved that mechanical milling is
powerful nonequilibrium processing technique to synthes
spin-glass materials. Particularly for the alloy systems c
taining a rather large amount of magnetic element, high
ergy ball-milling is a useful technique to synthesize th
spin-glass states. By controlling the milling conditions, o
can synthesize various new magnetic materials with inter
ing physical properties. Another important significance
the high-energy ball-milling technique is that by using th
method, we can drive the high melting point and high vap
pressure compounds, such as GdN, to a spin-glass stat~or
other complex magnetic states!, which can be realized in
bulk materials and cannot be obtained by traditional ra
solidification.
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8K. V. Rao, M. Fähnle, E. Figueroa, O. Beckmann, and L. He
man, Phys. Rev. B27, 3104~1983!.

9J. A. Geohegan and S. M. Bhagat, J. Magn. Magn. Mater.25, 17
~1981!.
h,
-

-

10G. F. Zhou and H. Bakker, Phys. Rev. Lett.72, 2290~1994!.
11G. F. Zhou and H. Bakker, Phys. Rev. B48, 13 383~1993!.
12A. Hasegawa and A. Yanase, J. Phys. Soc. Jpn.42, 492 ~1977!.
13P. Wachter and E. Kaldis, Solid State Commun.34, 241 ~1980!.
14G. Busch, J. Appl. Phys.38, 1386~1967!.
15T. R. McGuire, R. J. Gambino, S. J. Pickart, and H. A. Alperin,

Appl. Phys.40, 1009~1969!.
16R. J. Gambino, T. R. McGuire, H. A. Alperin, and S. J. Pickart,

Appl. Phys.41, 933 ~1970!.
17D. X. Li, Y. Haga, H. Shida, and T. Suzuki, Physica B199&200,

631 ~1994!.
18R. J. Bory and T. A. Kitchens, J. Phys. Chem. Solids34, 1323

~1973!.
19K. Binder and A. P. Young, Rev. Mod. Phys.58, 801 ~1986!.
20T. Kasuya and D. X. Li, J. Magn. Magn. Mater.~to be published!.
21B. J. Hickey, M. A. Howson, S. O. Musa, G. J. Tomka, B. D

Rainford, and N. Wiser, J. Magn. Magn. Mater.147, 253~1995!.


