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The effect of a magnetic field on the magnetic properties of the Heisenberg ferromagnet 
CuRb2Br4 . 2H20 is investigated experimentally and theoretically. The temperature dependence 
of the magnetic susceptibility in a magnetic field H comparable with the anisotropy and demag- 
netization fields is found to have singularities when the phase-transition temperature Tc (H ) in the 
magnetic field is lower than the critical temperature Tc . It is also found that Th > Tc, where Th 
corresponds to the temperature of the susceptibility maximum that is not connected with the 
phase transition in the magnetic field. These singularities are shifted with increasing fields 
towards lower and higher temperatures, respectively. The H-T diagram is plotted. The observed 
behavior of the magnetic susceptibility in a magnetic field agrees qualitatively with the results of 
analysis based on the Landau theory of second-order phase transitions. 

A second-order phase transition takes place in aniso- 
tropic ferromagnets even in the presence of a magnetic field, 
provided the latter is weak enough (weaker than the anisot- 
ropy and demagnetization fields). This gives rise to charac- 
teristic field and temperature dependences of the spontane- 
ous magnetization, of the magnetic susceptibility, and of the 
heat capacity, from which additional information can be ex- 
tracted on the magnetic properties of the system being stud- 
ied (see the review by Kamilov and Aliev'). Although phase 
transitions in a magnetic field in an easy-axis ferromagnet 
have been investigated theoretically in only a few 
experimental investigations of such systems have been re- 

We study here the effect of a magnetic field applied 
across the easy axis on magnetic phase transitions in the 
ferromagnetic crystal CuRb2Br4 2H20 in order to deter- 
mine the singularities of the magnetic ordering in a magnetic 
field and to plot the H-T diagram. The uniaxial ferromagnet 
CuRb2Br4 . 2H20 is very convenient for the investigation of 
the critical behavior in a magnetic field, while the presence 
of weak anisotropy makes the critical temperature field-de- 
pendent and permits a study of the influence of the magnetic 
field on the phase transition. 

The compound in question is one of a group of model 
Heisenberg ferrodielectrics with general formula 
CuM2X4. 2H20 (where M = Rb, K, NH,; X = C1 or Br), 
whose weak anisotropy is determined by that of the ex- 
change interaction. The crystal structure of the compound is 
described by the space group D ,, 14. At atmospheric pressure 
it becomes ferromagnetically ordered at atmospheric pres- 
sure at, temperatures below T = 1.85 K, with a magnetic 
moment directed along the tetragonal axis of the crystal. 

The singularities of the critical behavior of a magnet in a 
magnetic field manifest themselves distinctly in the form of 
maxima on the magnetic-susceptibility field dependence. 
We therefore studied the character of the magnetic ordering 
of the magnetodielectric CuRb2Br4 . 2H20 by measuring 
the temperature dependence of the susceptibility in magnet- 
ic fields (up to 300 Oe) in a wide temperature range (0.4 

K < T <  3.0 K). High pressure was used to vary the magnetic 
anisotropy that determines the character of the H-T phase 
diagram. The Curie temperature and the CuRb2Br4 . 2H20 
crystal anisotropy increase with increasing pressure.' 

EXPERIMENT 

The magnetic susceptibility was measured with a low- 
frequency differential magnetometer. The 30-Hz modulat- 
ing magnetic field was produced by a superconducting coil 
and was 5 0.3 Oe. The measuring coil placed inside the high- 
pressure chamber consists of three pairs of coaxial differen- 
tial sections with N, = 2000 and N2 = 600 turns per section). 
This permits simultaneous measurements in two crystallo- 
graphic directions and yields the pressure in the high-pres- 
sure chamber. The measurement section was 50 mm long 
and 1.1 mm in diameter. 

The mutual-induction emf of the sections, including the 
contribution of the high-pressure vessel, was cancelled out to 
within 1%, ensuring 10-5-10-6 susceptibility sensitivity of 
the measurements. 

The magnetizing field was produced by a superconduct- 
ing solenoid. The dc magnetic field was uniform to within 
less than 0.5% over a 3-cm length along the solenoid axis. 
The directions of the dc and ac magnetic fields coincided 
with the axis of the cylindrical sample. 

The magnetic measurements were performed in a 3He 
cryostat, in which temperatures higher than 1.6 K were ob- 
tained and stabilized by electron heating of a liquid-helium 
bath, while the lower temperatures were obtained by pump- 
ing off 3He vapor with NGG-2 or NVZ-20 pumps and with a 
BN-3 booster pump. 

The temperature in the 3He bath was measured with a 
semiconductor resistance thermometer calibrated against 
the 3He vapor pressure. The thermometer was mounted on 
the outer wall of the high-pressure chamber at the same level 
as the sample. The absolute temperature error is estimated at 
several mK. 

We investigated cylindrical single crystals (diameter 1 
mm, approximate length 1 mm, and mass ~ 0 . 0 1  g). 
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The high-pressure chamber (HPC) was made of BrB, 
beryllium bronze. Its working-channel diameter was 6 mm 
and its housing diameter 26 mm. High quasi-hydrostatic 
pressures were produced by the usual method using a 1:l 
mixture of transformer oil and kerosene as the transmitting 
medium. The pressure was determined from the supercon- 
ducting-transition temperature of tin with an error less than 

0.3 kbar. 
The longitudinal magnetic susceptibility x,, was mea- 

sured along the C4 fourfold symmetry axis, and the trans- 
verse susceptibility in a plane perpendicular to the C4 axis. 
The crystallographic C4 axis was determined by x-ray dif- 
fraction and independently by crystal-optics methods. 

The temperature dependence of the magnetic suscepti- 
bility was plotted either point-by-point or with a PDP-004 
automatic x-y plotter. 

RESULTS 

The variation of the magnetic susceptibility of 
CuRb2Br4 - 2H20 in a magnetic field reflects most clearly 
the effect of the field on the critical behavior of the magnet. 
In contrast to the usual susceptibility curve (H = O), applica- 
tion of a dc magnetic field reveals anomalies, at T, > Tc in 
the paramagnetic field and at Tc (H ) < Tc in the ordered 
phase (Tc is the phase-transition temperature in the absence 
of a magnetic field). The singularities connected with the 
magnetization effects in a magnetic field are observed in 
both the easy (HIIC,) and difficult (HlC,) magnetization di- 
rections. In strong fields the susceptibility curve has no dis- 
tinct singularities in the critical region and it is difficult to 
determine the temperatures Tc (H ) and T,, . 

Transverse magnetic susceptibility 

Figure 1 shows the temperature dependence of the sus- 
ceptibility in a direction perpendicular to the tetragonal axis 
at a hydrostatic pressure 9.5 kbar and at different values of 
the dc magnetic field HlC,. 

The x L ( T )  curves for lower pressures are similar but 
shifted towards lower temperatures, since dTc/dP> 0. At 

X ,  rel. un. 
1170, 

FIG. 1 .  Temperature dependences of the magnetic susceptibility of 
CuRb,Br, . 2H,O in the difficult magnetization direction at apressure 9.5 
kbar in dc magnetic fields: 1-H = 0; 2-H = 50 Oe 3-H = 70 Oe; 4- 
H = 110 Oe; 5-H = 200 Oe; 6-H = 250 Oe. 

T = Tc (H) an abrupt jump of the susceptibility is observed, 
corresponding to transition of the system into the ferromag- 
netic phase.1' In this phasex, depends very little on Tand H. 
With increasing field, the critical temperature drops and the 
transition is smeared out. In addition, the plot ofx, against 
temperature has in a magnetic field H >  H,, -- 50 Oe and at 
T = T i  > Tc a maximum that shifts with increasing field 
towards higher temperatures, becomes smeared out, and de- 
creases in amplitude. The observed dependences of X, on T 
and H can be explained on the basis of the Landau theory of 
second-order phase transitions. 

The free energy of an easy-axis ferromagnet in a trans- 
verse magnetic field near the critical temperature can be rep- 
resented by an expansion in powers of the magnetization m: 

The z and x axes are directed here along the easy-magnetiza- 
tion axis and along the vector H, respectively; a and b are the 
thermodynamic coefficients; K > 0 is the anisotropy con- 
stant. 

The conditions that the free energy (1) be a minimum 
with respect to m, and m, lead to the equations 

It follows from (2) and (3) that two phases exist in the magnet, 
paramagnetic (m, = 0) and ferromagnetic (mzfO); m, 
differs from zero in both cases. It is easily seen (see, e.g., Ref. 
2) that the transition from the paramagnetic to the ferromag- 
netic phase occurs at the temperature 

Tc  ( H )  =Tc- ( b / a K 2 )  H z ,  (4) 

where a > 0 is determined from the expansion of 
a - K = a ( T - T , ) .  

In the low-temperature phase T < Tc ( H  ) the transverse 
susceptibility is independent of T or H and is equal to 
xI = xxx = 1/K (it was assumed for simplicity in the deriva- 
tion of (4) that the parameters a, K, and b are independent of 
temperature). 

In the paramagnetic phase [T> Tc (H)]  the transverse 
susceptibility is given by 

xl= (a+3bm:) -'. (5) 

It can be easily shown that at HGH,, = 4K (K /3b )'12/3 the 
susceptibility depends monotonically on the i:mperature. 
At H > H,, it follows from (2) and (5) that X, ( T )  has a mini- 
mum at a = 3bml. This maximum is achieved at 

The value ofx, at the maximum is 

and the half-width at the maximum is proportional to H 'I3. 
The mean-field theory thus accounts well enough for 

the experimental situation, including theshift of Tc towards 
lower temperatures in a magnetic field, the weak depen- 
dences of the transverse susceptibility on T and H at 
T< Tc (H ), as well as the appearance of a maximum of the 
x L ( T )  plot, and its subsequent decrease, broadening, and 
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shift towards high temperatures as the field H increases. 
Moreover, theory and experiment agree not only qualitative- 
ly but also quantitatively. It can thus be seen from Fig. 2 that 
the experimental field dependences of Tc (H ) and T i  for dif- 
ferent hydrostatic pressures are satisfactorily described by 
relations (4) and (6) .  Figure 3 shows a plot ofx; ' vs H 2 1 3  at 
T = T i  and at the same pressures. Here, too, all the experi- 
mental points lie, within the limits of measurement error, on 
a straight line in accordance with Eq. (7). Moreover, X, (T, ) 
is practically independent of pressure, meaning according to 
(7) that the parameter b is independent of pressure. The same 
holds for the free-energy parameters a and K, which deter- 
mine the slopes of the curves in Fig. 3. 

The experimental field dependence of the critical tem- 
perature TI,(H) in weak fields is described not by the qua- 
dratic function (4) but by the power law 

Tc ( H )  -T, (0) -H", 

where the value w = 2.5 f 0.1 is in close agreement with the 
field exponent in the molecular-field approximation. The 
difference observed is obviously due to the need for taking 
into account in the mean-field theory the fluctuations of the 
magnetization component along the easy axis near Tc . 

Xj rel. un. 

FIG. 3. Change of x-'(T,  ) in a magnetic field at fixed pressures [kbar]: 
xll : A-P = 0; xI :O--P = 0; A-P = 5.2; -P = 9.5. 

FIG. 2. Changes of the temperatures T i ( H )  and T i  in a 
magnetic field at fixed pressures P [kbar]: C-P = 0; A- 
P = 5.2; @--P = 9.5. 

Longitudinal magnetic susceptibility 

In the measurements of the longitudinal magnetic sus- 
ceptibility the modulated and dc magnetic fields were direct- 
ed along the C, axis. Investigation of the behavior of the 
susceptibility xIl ( T )  in a magnetic field show that thexlI ( T )  
curves are qualitatively similar to the X, ( T )  plots, but the 
mechanism that produces the singularities in a field parallel 
to the easy axis is somewhat different. In a zero magnetic 
field xll increases rapidly as the Curie temperature is ap- 
proached from the paramagnetic phase, to a value close to 1/ 
4 r N  (N is the sample demagnetizing factor), and then stays 
practically constant with further decrease of temperature. 
This points to formation of a domain structure at T = Tc 
and attests to ferromagnetic ordering. 

If a longitudinal magnetic field is applied, the tempera- 
ture Tc (H) at which the susceptibility discontinuity occurs 
decreases and the xII ( T )  plot acquires a maximum at 
T! > Tc that behaves like the corresponding maximum of 
the xII ( T )  plot, but appears in substantially weaker fields. 
Obviously, superposition of an external magnetic field along 
the easy-magnetization axis lowers the temperature at which 
the domain structure is produced. This temperature can be 
estimated from the relation 4rNM a H, i.e., the demagnetiz- 
ing field determines the T &(H ) dependence. In the molecu- 
lar-field approximation we have T, (0) - Tc (H ) a H ', A rig- 
orous calculation carried out for thick plates in the case of a 
weak-field applied along the easy axis9 leads to a similar 
T)(H) dependence. It is clear that T&(H) should be the 
same for XI,  and X, in a zero magnetic field, as is indeed 
observed in experiment. On the other hand, the maximum of 
xlI (T, H)  at T >  Tc is due to the usual singularity of the mag- 
netic susceptibility at the critical point. The value of xlI at 
the maximum, just as in the case ofx, , is determined by Eq. 
(7), so that xIl ( T  1 ) and X, ( T  :, ) at equal values of H differ by 
the constant K /a.  Just as in the case of T :, , the exponent 2/3 
in the function TI  should be replaced in the weak-field re- 
gion by the scaling exponent. Since, however, the sample 
under investigation has a low Tc, the temperature interval in 
which the scaling relations hold is very narrow and an ex- 
perimental determination of the exponents w and p (as well 
as of all other exponents) is a difficult task. 
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In an easy-axis ferromagnet, in a field parallel to the 
easy axis, the temperature T &(H) is due to an intense para- 

FIG. 4. H-T diagram. 

The H-Tdiagram 

According to the results, the critical temperature Tc 
that characterizes the phase transition at H = 0 takes on in 
an external magnetic different values, Tc (H ) andT,, , whose 
field dependences are reflected on the H-T diagram (Fig. 4). 
The temperature TI,(H) determines an orientational phase 
transition in the magnetically ordered phase. The plot (curve 
1) obtained in a field HlC, separates the canted and collinear 
phases having a magnetic moment oriented along the field. 
We note that the T;(H) relation can be deduced also in a 
transverse field from the magnetization isotherms, accord- 
ing to which a transition to a uniformly magnetized phase 
takes place at a temperature Tc when the external field 
reaches the value of the anisotropy field H,. The relations 
TI,(H) and Tc(Ha) determined by two independent meth- 
ods (from susceptibility measurments and from the magneti- 
zation isotherms in the difficult magnetization direction) are 
thus in satisfactory agreement. This confirms that the behav- 
ior of curve 1 is determined by the change of the magnetic 
anisotropy as a function of temperature. The pressure-in- 
duced increased field anisotropy in the crystal in question 
shifts the phase boundary towards stronger fields and ex- 
pands the canted phase. 

process and characterizes a transition from a multidomain 
state to a uniformly magnetized one, curve 2 being their 
phase boundary. This transition proceeds in the investigated 
crystal without hysteresis and is of second order. The do- 
main state remains in equilibrium in fields H < Hd (Hd is the 
demagnetizing field) in the temperature range 0 K < T <  Tc . 

Curves 3 and 4 represent the field dependences of the 
maximum temperatures of the longitudinal and transverse 
susceptibilities in the paramagnetic region. The maximum of 
x(T,) corresponds, on the plot of the magnetization vs tem- 
perature, to a singular point at which the magnetization 
growth rate changes. The differences between the T:(H) 
and T 1 (H) dependences is due to magnetic anisotropy, i.e., 
in a field HlC, we have T i  - Tc a (H - Ha y , where 
p = 0.67, while Ha = 25 Oe is the anisotropy field at the 
critical temperature Tc and is due to short-range-order spin- 
spin correlation. lo 

The authors thank A. A. Lisyanskil for helpful discus- 
sions and for a review of this paper. 

"This value is rather tentative, since the system, naturally, has a nonzero 
magnetic moment at T >  T, (H) induced by the magnetic field and direct- 
ed along this field. Since there is no spontaneous magnetization (no mag- 
netic-moment component directed along the easy axis) in this case, we 
call this phase paramagnetic. 
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