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Low-temperature properties and ESR in the quasi-one-dimensional random
compound MnMgB,0Og
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Low-temperature magnetization, ac susceptibility, and specific heat have been measured on powdered
MnMgB,0Os5 between 100 mK and 6.8 K. A power-law temperature dependence of the susceptibility has been
found down 6 2 K in agreement with previous measurements. The exponent describing this behavior is close
to that found for the warwickite ScMnOBQanother MR compound with a similar low dimensional random
magnetic arrangement of Mn ions. The magnetic and specific-heat measurements indicate that, below 600 mK,
the MnMgB,0s pyroborate freezes in a glassy state. Electron-spin resonance measur@&séhisn a single
crystal of this compound are also presented. The linewidth andytfector show different temperature
dependencies for different directions of the applied field. Finally a theory is presented for ESR in random
exchange Heisenberg antiferromagnetic cH&EHAC) compounds.
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[. INTRODUCTION terized by a power-law dependence of the susceptibility on
temperature and of the magnetization on the applied field for
This work presents an investigation of the low- high fields. No magnetic order was found in the former sys-
temperature magnetic and thermodynamic properties of theem down to the lowest temperaturé2K) attained in this
pyroborate MnMgBOs compound. Magnetization, ac sus- study.
ceptibility, specific heat as well as the electron-spin reso- In this work we present magnetization, ac susceptibility,
nance(ESR parameters are presented as a function of temand specific-heat measurements, down to approximately 100
perature. A theory for explaining the temperature dependenc&K, as a tentative to observe magnetic ordering of the het-
of the ESR linewidth andy factor in the framework of a erometallic pyroborate. We have observed that this magnetic
random chain compound is also given. system actually freezes below 600 mK in a magnetic glass
The crystalline structure of MnMgf®s has been studied state which is destroyed by field cooling under 100 Oe. The
by Utzolino and Bluhnt. It is triclinic with space grougP-1
(number 2. The metal ions Mfi" and Mg* are found in-
side oxygen octahedra that share edges and form substruc-
tures such asibbons four rows wide, as shown in Fig. 1.
These ribbons are parallel to the cryséabxisand contain
two distinct crystallographic sites for the metal ions. Both
ions occupy the two metal sites so that this compound is
intrinsically disordered. Metal spins in neighbor ribbons in-
teract through thesuper-super-exchangmechanism while
the spin interaction between neighbor ions within the same
ribbon is mainly due to thesuper-exchangenechanism, as
this is an electrically insulating material.
In a recent paper Fernandesal? have measured the ac

susceptibility and the magnetization of theterometalliqy- FIG. 1. The structure of the pyroborates projected in the plane
roborate MNMgBOs, down to 2 K. This study also pre- pc, from Ref. 2. We may notice the ribbons, the borate groups, and
sented measurements for themometallidsomorph pyrobo-  the sides andc of the unit cell. The largest circles indicate oxygen
rate MnB,0s. The latter shows antiferromagnetic order ions while the smallest ones indicate boron ions. The dashed lines
below 23.3 K while the heterometallic pyroborate has a beindicate one column of ribbons. Thecoordinates of metal 1 and
havior typical of random exchange Heisenberg antiferromagmetal 2 sites within dark octahedra are the same while the clear
netic chain(REHAC) systems below 19 K. This is charac- ones differ from those bg/2.
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magnetization curve at 100 mK shows a small hysteresis dut 35 T T
to a small magnetic component freezing in the direction of
the magnetic field. Another goal of the present study is to r Field Cooled M/H

. . . . g / 1
compare the main features of ESR measurements in this in 3 _\ ]

organic insulating REHAC, with those obtained by Tippie ZFC M/H
and ClarR on quinolinium (TCNQ), a well studied organic
REHAC conductor. The overall behavior of ESR is very
similar in both systems in spite of the different magnitudes of
linewidths in each compound. In the pyroborate the line-
widths are more than two orders of magnitude greater thare
those in quinolinium (TCNQ). To the best of our knowl- I
edge this paper presents the first ESR measurements in ¢ L °e
inorganic REHAC. These systems are the subject of inten- =% I %
sive investigations mostly from the theoretical point of 1.5
view* The thermodynamic properties and ground state of I ]
spin-1/2 REHAC are now well known. However the ex- - %0004,
pected physical behavior of REHAC systems with 1/2 is D S T R B
still under intense debafeFor this reason it is very impor- 0 1 2 3 4 5

tant to have as many as possible candidate systems and r T(K)

sults for these kind of material. The heterometallic pyrobo-

rate investigated here provides unambiguous experimental FIG. 2. The M/H) vs temperature curves, at 100 G, for field-
evidence for the existence of a Griffiths phase in tBis cooled (FC) and warm-up zero-field-coole(ZFC) regimes. Also
=5/2 REHAC material. The Griffiths phase consists of sin- shown is the real part of the ac susceptibility vs temperature curve
glet palrs Wlth a |arge dlstrlbutlon of exchange Coupllngsfor MnM98205 at 2.1 Hz. Similar curves are obtained for 0.21 and
which form along the ribbons. 21 Hz.
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ordering below 600 mK. Moreover specific-heat measure-

Il. EXPERIMENT ments down to very low temperatures to be presented below,

A. The sample show no anomaly in this temperature region clearly ruling

ut long-range magnetic ordering. The imaginary parts of the
The sample has been synthesized following the meth°§c susceptibility for different frequencies is very small. Fig-

presented in Ref. 2. For the ESR measurements we ha A\fte 3 shows thé vs H curves for 100 mK and 4.2 K withi

employed an as grown smg!e crystal whose size !S C'r.c"i‘unning between 0 and 1000 G. At 100 mK there is a slight

?'%X ?1'8X th”ﬁ The (;rystg_I#ne s_trucix/re hasd been |ddent|— ysteresis possibly due to a small magnetic component freez-
led through x-ray powder diffraction. We used a powdereg, i the direction of the applied field. The linearity at these
sample for susceptibility and specific-heat measurements. .y fields is not surprising. Figure 4, the last of this subsec-

tion, shows the In{i/H) vs In(T) curve under 100 G for
B. Susceptibility and Magnetization ZFC. From this curve we conclude that, down to 2

The low-temperature magnetization and ac susceptibility 1 Wherea=0.56. This result agrees with the previous

measurements were made using a low-temperature high-field

SQUID magnetometer developed at the CRTBT in Grenoble. ;| [ zierfiod cooied 100 Gaus;(T=1oo mK)
A miniature dilution refrigerator was used to reach tempera- | o242k
tures down to 90 mK. A powder sample of MnMgBs,
weighting 19.5 mg, was mixed with a small amount of
apiezon grease and squeezed into a small copper pouch. Tt
sample and pouch were thermally anchored to a copper coi~
foil sample holder suspended from the bottom of the mixing 2
chamber of the dilution refrigerator. During measurements, g
the sample was extracted through the gradiometer coils of &
superconducting flux transformer coupled to the SQUID. In=
this way absolute value measurements were made.

Figure 2 shows thév/H dc susceptibility between 100
mK and 5 K in field-cooled(FC) and zero-field-cooled
(ZFC) regimes, respectively, both under an applied field of
100 G. The ac susceptibility,., vs temperature curve, for 100 .00 o0 s 1000
2.1 Hz, also appears in this figure. There is a very broad peal H (Gauss )
in the ac susceptibilities and in the warm-up ZFC magneti-
zation curves. For the ac data the peak position has a very FIG. 3. Field dependence of magnetization for MNM@B at
weak frequency dependence consistent with a spin glass-likedo mK and 4.2 K. A slight hysteresis at 100 mK may be observed.
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FIG. 4. Double logarithmic plot of NI/H) vs T curve for . .
MnMgB,Os from 100 n%K t0 6.8 E Axq ﬂ._a) law aboe 1 K is sampleC,,, was obtained after subtracting to the measured
.8 K. Axqc

found with a=0.56 (full line). value, the heat capacity of the calorimeter, the contributions
of the copper powder and foil and the apiezon grease. The
results are shown in Fig. 5. The heat capacity is a smooth

measurements on this compodnahich yield to a=0.55. .
’ ! P e i o rtlunctlon of temperature at the temperature where the suscep-

This strongly suggests the existence of a Griffiths phase in; . . . . ;
this low dimensional random magnetic oxide above 1 K.t'b'“tY.ShOWS a maximum ruling out an antlferroma_gne_tlc
Below this temperature a crossover to three dimensions odransition. At very low temperatures the heat capacity rises

curs leading to the appearance of magnetic long-range orde"ly.Ith Qecrea3|ng temperatu.re due to aOSchottky-Ilke nuclear
It is important here to remark that the warwickite constsngutmn associated with the 100% abundant isotope
MnScOBQ,, a random chain compound with ¥ih ions, Mn=.

also presents such a phase with an exponen0.50 in the

low-temperature susceptibilify. D. ESR

3 ESR measurements were performed on a platelet of
C. Specific heat MnMgB,Os whose dimensions are given above. A cw 9.5

Specific heat measurements were performed using orfeHZ Brucker spectrometer was employed. The spectra have
calorimeter mounted in a dilution refrigeration cryostat0€en taken, as a function of temperature, for dc applied field
(model DRI 420, SHE Corporation, USAand covers the p_erpend|cular and pz_iralle_l to the largest edge of the platelet.
temperature range 0.08—3 K. Measurements were made ulngure 6 shows the !lneW|dth vs temperature curves for each
ing a semiadiabatic pulse method. The specific heat is me&rientation and the inset shows the low-temperature power-
sured with a relative uncertainty of 2%. The samples were
prepared as to improve the expected low thermal conductiv- 6%
ity of the material. Powdered material, with particle size of
about 100xm, was mixed with a similar quantity of pow- 600
dered copper with particle size of abouttén. The sample ] *
copper mixture wrapped with 0.04 mm thick copper foil,
forming a chip, was compressed with about 25 MPa forg
about 30 min. The mass of the sample, copper, and greasg
were about 0.1, 0.2, and 0.002 g, respectively. In this way we= 5%°
obtained a good thermal conducting copper path around eacg T
sample particle, while keeping small the specific-heat back- 450 Lo ot
ground due to the added material. This provided a sampl€5 ) G e
temperature equilibration time constant shorter than 60 secir ;| N
the full measuring range. This chip was glued with apielXon o® o ° o o
grease to the calorimeter base copper plate, where the the ] 02009
mometer and heater were attached. When taking data, he; 3°—— ' T ; ' ; ' ' ,

. . . 0 50 100 160 200
was applied to the sample during intervals of about 80 sec a: T(K)
to produce temperature changes of 5% of the sample tem-
perature. The evolution of the temperature to equilibrium of  F|G. 6. Linewidth as a function of temperature for applied field
the sample was measured during more than 500 sec. Thgirallel(filled circles and perpendiculafopen circlesto the direc-

specific-heat background of the calorimeter was determineglon of the ribbons. The inset shows the power-law behavior of the
in a separate measurement. The total heat capacity of thiewidth for the parallel direction.
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8.0 that the radio frequencyRF) is absorbed byS=5/2 free

1 manganese ions in the chains. These ions, i% atate with
zero angular momentum, absorb energy essentially at their
Zeeman frequency in the applied external magnetic field.
The relaxation of the energy absorbed from the RF source
occurs via the weak coupling of the resonant ions to the
singlet pairs forming a random singlet or Griffiths phase and
from these to the lattice. The former interactions are dipolar
or other kind of anisotropic coupling. We also assume that
the random singlet pairs have a first excited state which
couples to the lattice, such that, ultimately energy is trans-
ferred to this reservoir. This mechanism gives rise to a line-
width which can be written &8

ng-g,)

an= PN 2 R(E/2KT) —2" (1)
=—— ——sec —
nT gugNg 4KT 1+ w?7?

FIG. 7. The logarithmic plot of they shift as a function of WhereD is the anisotropic coupling of the free ions to the

temperature for the applied field parallel to the ribbons’ direction.singlet pairs ana is the resonance frequenci/N,) is the

The referencey factor go=2.0161 is that measured at room tem- concentrationof pairs. The relaxation time of the pairs to

perature. The linear fitting of the data yields an inclinatign the lattice quite generally depends on the en@& @y the first

=0.56 close to the temperature exponent of the susceptibility.  excited state of the pair which is treated here as a two level
) , ) system. These energies are random with a normalized prob-

law behavior. Linewidths have also been measured as a fungyjjity distribution P(E) which is essentially the distribution

tion of the angle between the applied field and the larges ihe random exchange couplings of the singlet pairs given

edge for both directions in the plane perpendicular to thg,,11

largest face. At any field orientation and temperature the

spectrum consists of a single intense, broad, and essentially 1 ( E

—a

symmetric Lorentzian line. We remark that the linewidths are P(E)= 70\ 0

larger for the applied field parallel to the largest edge of the

platelet. This is the hard magnetization direction forwherea=1-1/Z with Z the dynamic exponetitand Q) is

Mn,B,05 as shown in Ref. 2. For the applied magnetic fieldthe cutoff of the distribution. The average linewidth is given

parallel to this direction, the linewidth curve presents a mini-by,

mum at 30 K(see Fig. 6 while, for applied field parallel to

the two other edges of the platelet, the minima are foundA_ D? fﬂ dE (E)‘“ R (E/oK o7(E)

near 50 K. It is important to remark that the onset of the H 9z ) 2kT\ Q) S (E/2KT) 1+ 0?2(E)

power law for the magnetic susceptibility is 19(Ref. 2, a

temperature out of the range of the minima of the linewidth (2

curves. These results must be compared with those obtaindthe E dependence ofr is determined by the particular

for quinolinium (TCNQ), the above mentioned REHAC mechanism of relaxation of the pairs to the lattice, the rel-

conductor. This compound orders magnetically at circa 1.®vant dimension of the elastic array, etc. Here we shall ne-

mK (Ref. 5 and has ESR linewidths running between 0.05 Gglect this explicit dependence and assume for simplicity an

and 0.3 G below 20 KRef. 3. Although these quantities are average relaxation time with a power-law dependence on

very different from the corresponding ones in MNM@B,  temperature, i.ez(T) = 7o(kT/Q) ~2 The average linewidth

the onset of th& ™ “ law for the susceptibility and the mini- can be written as,

mum of the linewidth vs temperature curve are very near to

those for MNMgBOs. They are 20 K(Ref. 9 and 25 K _ D2

(Ref. 3, respectively. In both compounds the linewidths are AH= dy y~“sech(y)

larger f lied field llel ins’ directi 9rsZ{d

ger for applied fields parallel to the chains’ direction. In

Fig. 7 we plot Ing—gg) vs InT where g,=2.0161 is the ©

room temperaturg factor. Notice thatg—g, has a power- or, considering that the relevant low-temperature limit for

law behavior with temperature at low temperatures with any;g insulating material igor>1,

exponent very close to that found for the magnetic suscepti-

bility. i D2A(a,Q/KT) ( kT) Tatz
gueZQ(wg) | Q ’

kT) T wr fﬂm

1+ w?7?

Q 0

4
Ill. THEORY FOR ESR IN RANDOM QUANTUM CHAINS
whereA(«,Q)/kT) stands for the integral. The exponents
For an understanding of the temperature dependence obtained from the susceptibility measurements and for the
the ESR linewidth ang shift in this compound, we consider present system is given hy=0.56. Since the linewidth, as
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shown in Fig. 5, behaves asH« TP, with p=—0,46, we large magnetic moment, due to the random occupation of the
have fromp=a—z, thatz=~0.1. This implies a very weak metal sites in the low dimensional ribbons the system can
temperature dependence of the relaxation time of the singletnly freeze and even so below 600 mK. This freezing is
pairs to the lattice which however increases with decreasingvident from a broad maximum in the susceptibility and the
temperature. Notice that this relaxation mechanism probablgbsence of a peak in the specific heat curve in the tempera-
involve low dimensional phonons propagating along the ribture range of this maximum. The magnetic behavior of this
bons. system abog 2 K is characteristic of random exchange
The same mechanism responsible for the linewidth calcuHeisenberg antiferromagnetic chains with a power-law be-
lated above gives rise to a contribution to thehift which is  havior of the uniform susceptibility as a function of tempera-
given by,° ture and of the magnetization as function of the applied mag-
_ netic field. Such behavior is well documented in spin-1/2
— D?A(a,Q/KT) w®7 [KT|“ REHAC systems where it is associated with the existence of
Ag= wsHoZQ 14 022 a 5 a random singlet phase. However in spin-5/2 systems, as the
case investigated here, it is not clear if such a phase does
where Hy is the room-temperature resonance field. In thegexist for strong disorder. Our results are consistent however
low-temperature limit wheren?7?>1, the equation above with the existence of a Griffiths phase in this Mn pyroborate
yields ag shift which is frequency independent and has thewhich gives rise to the power-law behavior with temperature
same temperature dependence of the uniform magnetic susiddependent exponents. In order to explain our ESR experi-
ceptibility determined by the exponeat=—0.56. This is ments, we have proposed a theory for the linewidth gnd
indeed the case found experimentally, as shown in Fig. 6shift in this REHAC material. In this theory the energy ab-
lending further support to the proposed relaxation mechasorbed of the radio-frequency field from free Mn ions is
nism. transferred to the lattice through the spin singlets associated
with the Griffiths phase.

IV. DISCUSSION

In this paper we have presented magnetization, specific
heat, and ESR results for the pyroborate system
MnMgB,Os. This is an intrinsically disordered one-  This work has been supported by the Brazilian agencies
dimensional magnetic material. The low dimensionality is aFAPERJ, CNPqg, and CNR&rancg. Dr. C.O. Paiva-Santos
consequence of the existence of ribbons in its structurdas taken the x-ray diffractogram from MnMgBs at the
which interact very weakly. Although the Mf ions have a LIEC-UNESP.
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